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VIII. 

On the Light of the Moon and of the Planet Jupiter. 



By GEORGE P. BOND. 



{Communicated September 11, 1860.) 



On the 22d of March, 1851, several daguerrotype pictures of Jupiter were 
obtained on plates exposed at the focus of the great refractor of the Observatory of 
Harvard College. The belts were faintly indicated; but the most interesting fact in 
connection with the experiment, apart from its having been, as is believed, the first 
instance of a photographic impression obtained from a planet, was the shortness of the 
time of exposure, which was nearly the same as for the Moon, whereas, considering 
the relative distance of the two bodies from the Sun, it was to have been expected that 
the light of the Moon would have had twenty-seven times more intensity than that of 
Jupiter, supposing equal capacities for reflection. The experiments were repeated on 
the 8th and 9th of October, 1857, by Mr. Whipple, using the collodion process, with a 
like result. 

The energetic action of the light of Jupiter was noticed by De La Rue, in Decem- 
ber, 1857. The following is an account of his experiments. 

" Recent experience in photographing the Moon and Jupiter having given me the 
impression that the light of that planet, in proportion to its luminosity, possessed con- 
siderably more actinic power than that of the Moon, I determined on testing the 
correctness of this view, experimentally, on the first favorable opportunity. On 
December 7th, the Moon and Jupiter being, during a part of the night, at nearly the 
same altitude, although in different parts of the heavens, I turned the telescope alter- 
nately on one and the other body, and thus obtained several photographs (six of each), 
under almost identical conditions. Generally nine to ten seconds were sufficient for 
the Moon pictures, and twelve seconds for those of Jupiter ; hence, although the light 
of the Moon is at least twice as bright as that of Jupiter, its actinic power would 
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222 ON THE LIGHT OF THE MOON AND OF THE PLANET JUPITER. 

appear to be not greater than as from 6 to 5 or 6 to 4. It is not improbable that the 
blue tint of Jupiter may have something to do with its. photogenic power. It may be 
also stated, that the darkest parts of Jupiter's surface came fully out by an exposure 
which did not suffice to bring out those portions of the Moon situated near the dark 
limb, and consequently illuminated by a very oblique ray ; thus confirming an obser- 
vation already communicated by me." 

" As the night advanced, I was able to take pictures of Jupiter in five seconds, in 
consequence of the planet attaining a greater altitude ; and the position of Saturn 
being favorable for a comparison of its actinic power with that of Jupiter, I turned the 
telescope alternately on each of these two planets, and found that, to produce pictures 
of equal intensity, the sensitized plate had, on the average, to be exposed 5 seconds 
to Jupiter, and 60 seconds to Saturn. Hence the chemical rays from Jupiter are 
twelve times more energetic than those from Saturn, — an effect undoubtedly in a great 
measure attributable to the greater brilliancy of the former planet, but not, I believe, 
entirely so."* 

Further comparisons between the Moon and Jupiter, made at the Observatory of 
Harvard College in 1860, have suggested a variety of experiments, relating to their 
optical as well as to their photographic intensities, which will be described in the fol- 
lowing pages. A short explanation of the methods used in the reduction of the 
observations, and a general summary of the conclusions to which they have led, will 
first be given. 

The latter must be received with proper allowance for the difficulties incident to all 
photometric experiments, and perhaps not less so to their subsequent interpretation. 
We have no means of measuring degrees of optical intensity, other than by the pre- 
carious standard afforded in the sensation produced upon the eye, and since this 
involves much that is merely subjective and liable to alter with each new observer, 
or even with the same individual at different times, the data must be exposed to con- 
siderable uncertainty from this source alone. The photographs, it is true, are not 
affected in the same way, yet they have their peculiar failing in the irregular action 
of the chemicals. Again, the variable clearness of the sky, and differences of color 
and quality of light, have an influence both upon the photographic and optical rays, 
which it is impossible to eliminate completely. For these reasons, it is desirable to 

* Monthly Notices Royal Astr. Soc, Vol. XVIII. p. 55. The instrument was a Newtonian reflector of 
13 inches' aperture. De la Rue photographed Saturn side by side with the Moon, May 8th, 1859, and 
obtained a distinct, though somewhat faint picture, in 15 s . The intensity of sunlight at this planet is only 
about -fa of that at the Moon. 
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multiply the number of individual determinations, and to vary the methods of obser- 
vation, so as to approach the subject from as many different quarters as possible. 
Even when this has been done, it is not always that we can be secure of assuming 
correct principles on which to proceed in deducing from the data their legitimate 
consequences. 

The times of exposure required to produce daguerrotypes, or strong " negative " 
photographs, of the Moon and Jupiter, have been derived from observations made upon 
twenty-one nights from 1851 to 1860 inclusive. 

On classifying those for the Moon according to its angle of elongation from the Sun, 
it appears that there is a continuous decrease in the duration of exposure from new to 
full moon. At the latter phase, when the elongation is 180°, only one sixth as much 
time is required as at the phase for which the elongation is 60°, the Moon then being 
four or five days old. 

The question, it must be remembered, is one of intensity, not quantity of light. In 
the latter the disproportion is very much greater, because the difference in the extent 
of illuminated area is also to be considered. The above results have suggested an 
examination of the proportions between the illuminating power of moonlight at the 
several phases, which are considered in another connection. 

By comparing the exposures for the Moon with those for Jupiter, the photographic 
intensity of the latter is found to be nine times that of the average surface of the full 
Moon, including the whole visible hemispheres of both bodies, and twenty-seven times 
greater if we have regard only to the central regions of the Moon and the bright belts 
of the planet. From a subsequent discussion of all the data, it was concluded that 
Jupiter reflects out of a given quantity of incident light, fourteen times more of the 
chemical rays than the Moon does. In other words, that the latter, if the constitution 
of its surface resembled that of Jupiter, would photograph in one fourteenth of the 
time which it actually requires ; but if we have regard only to the brightest regions of 
the planet, the disparity in times of exposure must be increased to the ratio of perhaps 
1 to 30, or even more. 

It is shown that there is not sufficient difference in the color of the two objects, to 
account for this inequality in photographic power. This is proved by comparisons 
with artificial light of different tints, reflected from silvered glass globes side by side 
with the images of the Moon and Jupiter, and by other evidence. The artificial illu- 
mination from the " Bengola" or "blue-light" nearly resembled moonlight in color. 

The distribution of light over the discs of Jupiter and the Moon presented, in the 
photographs, a decided contrast ; the former is brightest near the centre in zones par- 
allel to the equator, the latter near the margin. 
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The proportions between the intensity of the chemical rays from the Sun and those 
from the Moon and Jupiter, were next ascertained. For the Sun and Moon the propor- 
tion found was the ratio 340,000 to 1. Comparisons were also made between the 
Moon and the Earth's landscape, indicating that the latter has a somewhat feebler 
photographic power than the Moon. 

No satisfactory explanation of the superior chemical energy of the light of Jupiter 
having presented itself, attention was next directed to the relative intensity of the 
visual rays from the same objects. 

In the account of these experiments an exposition is first given of the photometric 
formulas required in the discussion of the observations, with particular reference to the 
relative brightness of the Sun, and of the Moon or planets illuminated by it, as seen 
from the Earth. Different writers have arrived at very discordant representations of 
the ratio of the quantity of light afforded by the full Moon compared with sunlight, 
supposing none to be lost in reflection from its surface. Attention has been given to 
the cause of the discrepancies, and to the effect of changes in the phase of the Moon 
or planet in modifying both the amount of light transmitted to the Earth, and its 
distribution over the illuminated area. 

The changes of moonlight at the several phases, computed from Lambert's and Eu- 
ler's theories, compared with Herschel's series of photometric determinations made in 
1836 at the Cape of Good Hope, were found to bear scarcely any resemblance to the 
observed values. This discordance was confirmed by a new series of experiments, agree- 
ing closely in their indications with those of Herschel. The fact that the two series were 
originally destined for quite different purposes, adds to the force of this confirmation. 
Of the two theories, Lambert's deviates the least from the truth, still, however, making 
the half-moon from two to three times too bright ; and since it is based upon a prin- 
ciple found experimentally to be generally true for opaque substances, it would seem 
that the constitution of the Moon's surface in respect to its reflective properties is 
peculiar. The brightness somewhat suddenly increasing when it approaches opposi- 
tion, as though the greater number of the reflecting facets of its asperities were dis- 
posed at right angles to the radius vector of the orbit, causing a sudden glance of 
light analogous to that which we may see in micaceous rocks. 

It deserves notice that such a tendency would also accord with the actual distribu- 
tion of light at full moon ; for, in this case, the brightness ought to increase towards 
the margin of the disc, as it actually does, whereas Lambert's theory requires that it 
should decrease. 

Jupiter, on the other hand, agrees sufficiently well with Lambert's theory, as 
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respects the distribution of light over its disc. Mars, when near its full phase, has a 
nearer resemblance to the Moon. 

In the course of the observations upon the quantity of moonlight received from the 
different phases, comparisons were also made, by the same method, upon Jupiter and 
Venus, furnishing the following results: — 

Brightness of Jupiter at mean opposition _ 1 



Brightness of mean full Moon 6430 

Brightness of Jupiter at mean opposition 1000 

Brightness of Venus at greatest brilliancy 4864 

The subject next discussed has been the albedo, or reflective capacity, of the Moon 
and Jupiter. That of the Moon is represented by the expression 

45193 

p = . , 

S 
8 being the ratio of sunlight to full moonlight at the earth. If we assume the 
mean between Bouguer's and Wollaston's determinations, we have very nearly, — 

S = 550000. 

A new determination of this proportion, communicated in a subsequent memoir, has 

given the value 

S = 477530. 

It appears, therefore, that the Moon absorbs about ten parts out of every eleven 
of the light incident upon it; that is, we have 

1 

The albedo of Jupiter compared with the Moon was found to be 

^-= 11.47. 

Hence we arrive at the singular conclusion, that the albedo of Jupiter is 

„ _ 11-47 _ L(M 
p 11 

much exceeding that of the whitest opaque substance known. Its optical brilliancy 
presents therefore an anomaly similar to that recognized in the chemical rays, for 
we have for the latter, — 

Chemical albedo of Moon 1 

Chemical albedo of Jupiter 14 
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Strictly speaking, a value of fi" exceeding unity would indicate that Jupiter shines 
partly at least by native light. We must remember, however, in interpreting these 
results, that neither the observations nor the theoretical conditions assumed in discuss- 
ing them are entitled to implicit confidence. 

Experiments made upon the reflective capacity of various substances on the 
Earth's surface lead to the conclusion that the optical albedo of dark, weather-worn 
rocks, dry earth, sand and gravel, and of the Earth's landscape generally, approaches 
that of the Moon, so that in reflective power there is no considerable difference be- 
tween the two bodies. No substance was found of a whiteness comparable to that 
of the bright belts of Jupiter, still less to that of the brilliant spots which at times 
appear on its surface. 

The distribution of light over the disc of the planet has been ascertained by means 
of transits of the satellites, which present very curious phenomena, only to be explained 
by supposing a disproportion greater than 6 to 1 between the brightness of the central 
regions and the margin of the planet. The observations which have been made in 
reference to this question are sufficiently well explained by this supposition, though it 
is difficult for the eye, at first sight, to recognize the disparity. The fact is of some 
importance in the determination of the albedo of the planet, since it accords sufficiently 
well with Lambert's theory, and indicates that the application of the latter to Jupiter 
has not tended to an over-estimate of its reflective power. 

We will now proceed to a more detailed account of the experiments and process of 
reduction upon which the above conclusions have been founded. 

The following numbers, although obtained from trials made for quite a different 
purpose, and affected to some extent by the unstable condition of the chemicals, the 
degree of clearness of the sky, &c, will serve to give a tolerably correct idea of the 
excess of chemical intensity of the light of Jupiter contrasted with moonlight, after 
due allowance for the respective distances of the two bodies from the Sun. 

The plates compared were taken by Mr. Whipple, or by his partner in business, 
Mr. Black, on the following dates; v representing the angles of elongation of the 
Moon from the Sun. 



1851, March 12, 


Moon, 


v= 117 


Exposure 10' to 15 9 Daguerrotype. 


" 22, 


Jupiter, 


v = 175 


" About as long as for the Moon, or a little longer. " 


1852, Feb. 26, 


Moon, 


v = 76 


" 15 s " 


« March 3,* 


u 


v = 151 


" 6 5 to 8 s . " 



* In a memorandum dated March 3, 1852, it is stated, as the result of other trials not recorded in detail, 
that the full Moon required 5 B or 6* to daguerrotype its image. 
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1852, April 
1857, April 



May 
« 



Oct. 



1860, Jan. 

« Feb. 
" April 



24, 

4, 
27, 
28, 
30, 

6, 

8, 

3, 

7,* 

8,* 

8, 

9,* 
30, 
30, 

7, 

6, 
28, 



Moon, 



Jupiter, 

Moon, 

Jupiter, 

Moon, 

Jupiter, 

Moon, 



V : 

V - 

V - 

V : 

V - 

V : 

V : 

V : 

V : 
V 
V 

V ■ 
v ■ 

V : 

V : 

V : 

V : 



62 

131 

52 

65 

90 

159 

181 

173 

116 

174 

: 101 

174 

87 

176 

166 

164 

95 



Exposure 20 
" 13 
80 
« 60 
« 45 
" 13 



Daguerrotype. 
Collodion. 



4 Faint action in < 1% 

4 or 5 s , not well determined. 

2 or 3 times as long as on 3d. 
Same as for average of Moon's surface. 
33? 
20? 
16 
13 

7 

5 
13 



From the above, and from other trials of which no precise record was preserved, I 
conclude that, with the chemical preparations used, the times of exposure for strong 
" negatives " of the Moon at different phases, after applying a correction for extinction 
at different altitudes, f are as follows : — 



v = 60 


Exposure 


= 30 


v= .90 


a 


= 20 


v= 120 


a 


= 15 


v= 150 


a 


= 10 


v= 180 


a 


= 5 



It is not easy to decide with certainty respecting these times without experiments 
made especially for the purpose. When the object in view is solely the production of 
a good picture, as was the case here, the exposure cannot be continued long enough to 
give a strong negative of the regions towards the dark limb, near the quadratures, 
without injury to the image of the bright limb by over-exposure. 

For an equally intense picture of the planet, the time of exposure is 



v = 175° 



Exposure = 15 s 



* On examining the object-glass, Oct. 11th, moisture was found deposited between the lenses, which proba- 
bly affected the experiments on Oct. 7th, 8 th, and 9 th. 
f Assumed to be the same as for the optical rays. 
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Some parts of Jupiter, as, for instance, on Jan. 30, 1860, a bright region in its 
northern hemisphere, about 25° in latitude from its equator, afforded traces of chemi- 
cal action in less than a second ; the parts of the full Moon, similarly situated rela- 
tively to the Sun and to the Earth, in about the same time. With a similar reflecting 
surface, the illumination of the two bodies should be in the inverse ratio of the 
squares of their distances from the Sun, or as 

1 : 5.203 2 = 1 : 27, 

instead of which we have, from the above data : — 

o s. s. 

Phase of Moon at v = 90 Ratio of exposures 30:15 = 2:1 

" v = 180 " " 5 : 15 = 1 : 3 to 1 : 1 for bright belts. 

The disproportion at the different phases of the Moon will be more fully considered 
in another place. The two bodies are presented to us under nearly similar circum- 
stances, as respects the angle of the illuminating rays and the line of vision, at about 
the times of the Moon's opposition, in which position the ratio of their chemical 
powers, supposing each to be so placed as to receive equal illumination from the Sun, 
would become, — 

Photographic intensity of Jupiter = - X 27 = 9 times that of the average surface of the full Moon, 

o 

« « « __ _ y 27 = 27 " " " " " " 

according as we compare the whole visible surface of the two spheres, or only the cen- 
tral parts of the Moon presented nearly at right angles to the direction of vision and 
of illumination, with the brighter belts of the planet which are similarly situated. 

There is one circumstance which makes the contrast the more remarkable ; it is that 
a very small image, like that of the planet, photographs to disadvantage compared 
with a larger one of equal intensity, for want, apparently, of the sympathy induced 
by the chemical action going on in other parts of the plate. I should anticipate 
from this circumstance, that, in a comparison with the Moon, we should be likely to 
underrate the actinic power of Jupiter. 

The explanation suggested by Mr. De la Eue in the passage above quoted, attribut- 
ing the differences in photographic power to a diversity in color, cannot be sustained, 
since there is no satisfactory evidence of any decided difference between Jupiter and 
the Moon in point of color, but rather the contrary. * A decided blue or green tint in 
Jupiter is only noticed when it is almost in contact with the limb of the Moon. The 
retina being then excited by the stronger light of the Moon, the planet perhaps 
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assumes a bluish cast due to. the effect of contrast in intensity and quantity rather 
than of actual color. Arago,* to account for the supposed bluish tints of the Mare 
Crisium and Mare Serenitatis on the Moon, suggests that the general tint of the latter 
is yellowish. That the moonlight has no decided tinge of red appears from casual 
remarks made by Sir John Herschel in the account of his comparisons of various 
stars with the image of the Moon formed in the focus of a lens. For instance, to 
observations made April 27, 1836, the note is added, ".The Moon's image is too yellow 
for /3 Crucis," f a star elsewhere described as white. And again, " y Crucis " (a red 
star) "is too red for the Moon." 

By comparing images reflected from a silvered glass globe, I have found that the 
color of moonlight more nearly resembles that of the flame of a "blue-light" or 
"Bengola" light than that of any other artificial light which was tried, — indeed, 
no difference could be perceived between the " Bengola " and the Moon in this 
respect. The whitest part of the flame of the Carcel or French "moderateur" lamps 
is decidedly red, contrasted with the image of the moon; that of a candle J or com- 
mon oil-lamp appears of a dingy, yellowish red. The Drummond light is of a golden 
yellow when contrasted with sunlight. I have not recognized, in point of color, any 
considerable difference between the light of the Moon, Jupiter, Venus, and the Sun, 
when tested by this method. 

The following description by Mr. De la Rue, in October, 1856, would make the 
general hue of Jupiter yellowish rather than blue : — 

" The southern belt of Jupiter appeared, on most occasions on which I have ob- 
served it, to be somewhat darker than the northern, which has always been more 
diffuse and more broken up by intervals and streaks ; the northern also has invariably 
been the broader of the two. Both belts are unmistakably brown as compared with 
the general tint of the planet, which about the poles has a decidedly yellow hue, and 
more obviously so towards the north. Besides the very conspicuous broad belts, there 
were observed several delicate and faint streaks extending to a greater or less distance 
across the disc, but seldom entirely across it ; these faint streaks just under the north 
belt were decidedly yellow." § 

* Pop. Astron., Eng. Trans., Vol. II. p. 287. See also the explanation applied by Mr. Grove to the ap- 
pearance presented by Jupiter. Monthly Notices Royal Astr. Soc, Vol. XVII. p. 13. 

t Obs. Cape of Good Hope, p. 360. 

\ See also the remark of Arago. " One of the principal sources of error seems to me to be the difficulty of 
comparing the white light of the Sun or of the Moon, which then looks bluish, by contrast with the reddish 
light of a candle." — Popular Astron., Eng. Trans., Vol. II. p. 288. 

§ Monthly Notices Astr. Soc, Vol. XVII. p. 5. 
VOL. VIII. 30 
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Breen, observing an occultation of the planet with the Northumberland Equatorial, 
in May, 1850, noted very little difference of color between it and the Moon. 

At its emersion from the Moon's bright limb, May 23, 1860, I could discern no dif- 
ference of tint ; this, however, was in the daytime, when both objects were compara- 
tively faint. Madler considers the prevailing tint of Jupiter to be yellowish, that of 
the belts, brown and lead-color;* while the Moon is in some parts pure white, in 
others steel-gray, or tinged with green. 

Tints of brick-red or of reddish-brown, and others of a bluish cast, slate, or lead- 
color were sufficiently evident upon Jupiter in 1860. It deserves notice that the 
shades of coloring were unusually marked in the early part of this year, at a time 
when the photographic image presented a decided inequality of action in different 
parts of the disc. On January 30th, 1860, this was apparent in the formation of a 
zone between the parallels of 20° and 30° of north latitude in an exposure of two or 
three seconds, another, less strong, showing itself in the southern hemisphere ; the 
intermediate equatorial zone had less intensity, and the margins of the disc were much 
fainter than the central parts. Secchif describes the principal belt as decidedly red, 
with several bands of green and white alternating. Others mention red and blue tints, 
more particularly the former. 

The evidence is quite sufficient to show that the colors of the Moon and Jupiter are 
too nearly alike to furnish an explanation of their very unequal chemical energies. 

The distribution of light over their discs, so far as this is indicated by photography, 
presents a striking contrast. The full Moon invariably develops first at the margin, 
and Jupiter as decisively in the centre, in this particular resembling the Sun, although 
the defect of illumination at the edge of the latter is less in proportion than with 
Jupiter. The distortion of the figure generally apparent in the photographs of Ju- 
piter can only be ascribed to the unequal intensity of the rays from different parts of 
the disc. 

In a group of images taken October 8th, 1857, the light action is much more uni- 
form than in 1860 ; the narrow stripe at the equator, noticed also on the next evening, 
contrasts curiously with the images on January 30th, 1860. In both, the deficiency 
at the margin is best exhibited in the difference of size of the images at different ex- 
posures. With the Sun and Moon the contrast in this particular appears most plainly 
while the image is developing. 

For the purpose of comparing the photographic power of sunlight with that of 

* Populare Astron., p. 226. t Monthly Notices Astr. Soc, Vol. XX. p. 71. 
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Jupiter and the Moon, the aperture of the object-glass was reduced, on the 12th of 
April, 1860, from 14.94 inches, with which the latter were taken, to 0.021 inch. 
The Sun's image then photographed in six fifths of the time required for the full 
Moon, the sky being clear and the conditions in other respects being alike for both. 
From this experiment it would appear that sunlight surpasses that of the Moon in 
actinic energy in the proportion 

i (m) 2 x °- 805 = 34000 °- 

The altitude of the Sun was 50° and that of the Moon 28°. The coefficient 0.805 
has been applied as a correction for extinction by the atmosphere, assumed to be the 
same for the photographic as for the visual rays. The aperture used for the Sun was 
a hole turned in a plate of brass ; the edges were clean-cut and free from dust or ob- 
structions, but not polished. It is perhaps possible that the smallness of the aperture 
employed is an objection to this result. 

On the 7th of April, 1860, the sky being clear and the Sun's altitude about 45°, it 
was found that a collodion plate exposed at the focus of the great refractor received 
images of equal intensity with the lunar photographs, under the following exposures 
and apertures. 

1. Side of a house painted of a pure white and presented to the Sun's rays at an 
angle of incidence of 45°; distant 1300 ft. Aperture reduced to 5 inches; time of 
exposure J of that for full Moon's picture of equal intensity. 

2. Experiment repeated, and the ratio found to be £, comparing with the brighter 
parts of the Moon. 

3. Aperture changed to 9 inches. Exposure the same as for the Moon's average 
surface. Picture too faint. 

4. Aperture 9 inches ; images of equal strength require y longer exposure than 
for the Moon. 

5. The landscape in the azimuth opposite to that of the Sun required three or four 
times as long an exposure as the Moon, but the sky in the horizon was much brighter 
than the Earth's surface. 

The above experiments are not entirely conclusive, on account of the uncertainty 
of the action of the chemicals; but there seems to be no doubt that the reflective 
properties of the Moon's surface for the chemical rays rather exceed than fall short of 
those of the main features of a landscape view on the earth. The only object which 
decidedly surpassed the Moon in photographic power was a very white surface, which 
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I afterwards found to be scarcely distinguishable in brilliancy from the whitest paper. 
This was from two to three times more energetic in its action on the plate than the 
Moon. On repeating the experiment July 2, 1860, with the Sun at an altitude of 
above 65°, and in a clear sky, it was concluded that the same object had about four 
times the intensity of the light of the full Moon. 

The very remarkable photographic power possessed by the rays of Jupiter, which a 
comparison of these results with others already detailed obliges us to admit, naturally 
suggests the enquiry, whether the visual rays from this planet present any similar 
phenomenon. Before considering this subject, however, it will be convenient to explain 
the method followed in the reduction of the observations. 

Let I represent the whole quantity of light emitted, uniformly in all directions, 
from any luminous point ; r, the distance from I of a sphere s. 

The light from I being dispersed equally in all directions, every point on the con- 
cave surface of a sphere circumscribed about I with a radius r, will be uniformly illu- 
minated. If s seen from I subtends an angle 2 h, the proportion of the light of I 
which it will intercept will be 



(1) 








i = I , 


sin. 2 ± 

2 


h. 




If p is 


the 


radius 


of s, 


we have when 


p is 


small 




(2) 








. l , l p 
s,n -2 h = 2 7 ; 




. 1 


i 
p_ 

r 


But if 


s is 


not a 


sphere, we have 








(3) 








l 







p being the projection of the surface of s exposed to the light upon the concave; or, 
when h is small, its projections as seen from / upon a plane perpendicular at s to the 
line joining I and s. 

The quantity reflected back from s in a given direction will be determined by the 
nature of its surface. A certain proportion, represented by 1 — fi will be absorbed, 
leaving fii for the whole quantity reflected. 

The ratio 

, . . whole amount of light reflected from s 

(4) p = °- 

whole amount of light incident upon s 

is called the albedo of the surface. 

Let ds' be an element of surface illuminated by light reflected from s, J its distance 
from s, dp' its projection upon a plane perpendicular to the line joining s and ds', and 
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the ratio between the actual amount of light reflected from s upon d s' and the 
quantity which the latter would receive if the light [i i were dispersed equally in all 
directions from s ; we shall then have, for the light incident upon d s\ 

(5) " = *£¥• 

The coefficient depends upon the reflective properties of the surface s, as well as 
on the angle between d s' and I seen from s. Its value in some special cases, we will 
now consider. 

1. A polished sphere, illuminated by parallel rays, reflects them with uniform 
intensity over the whole surface of the surrounding concave,* and we shall have 

(6) e=i, ™ = t% 

2. If s is a flat, opaque disc, it will return back the light incident from I into the 
same hemisphere in which I is situated, and if this be done in equal amounts in 
every direction towards which its bright side is presented, then 

( 7) e = 2, " = £#• 

3. If, at equal distances, the quantity of light reflected from this disc upon ds' is 
proportional to its apparent area seen from d s', we have 



(8) = 4 sin. <f>, di' =:tl d P' 



w A" 



sin. <p. 



where <p is the angle which the line joining s and ds' makes with the plane of 
the disc. 

The reason for adopting this value of is not quite as clear as in the previous cases. 
It is evident, however, that the apparent area of the disc represented by s, seen from 
d s\ varies as sin. <f>, and that d i' will vary also with sin. <j>. Moreover, the sum of 
all the values of d i' must be equal to the whole of the light reflected from s, so that 
we ought to have 

(9) fdi' = pi, 

the integral being taken so as to include all positions of d s'. 

* Bouguer, Traite d'Optique, p. 109. 
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If we extend the integral of sin. <f> d p r over the whole surface of the hemisphere 
upon which s shines, taking A for the radius, it becomes 



which gives from (8) 



/ sin. (pdp' = ttA 2 , 
/ di' — Jt— - I sin. <f>dp' = pi, 



as in (9). 

The case of most astronomical interest is that of a sphere illuminated by parallel 
rays. Since the diameters of the heavenly bodies are small compared with their dis- 
tances from each other, we may, without sensible error, obtain the amount of sunlight 
incident upon a planet from the formula given above, viz. : — 

(10) ' = -^ 

where I is the whole light emitted by the Sun, p the semi-diameter of the planet, and r 
its distance from the Sun. 

If we take d e for an element of surface at the Earth presented perpendicularly to 
its radius vector, R, we obtain from (3) for the amount of sunlight incident upon de, 

a.) "-r.»- 

To find the proportion of sunlight reflected back from a planet upon the Earth 
compared with that which the latter receives directly from the Sun, we may substi- 
tute in (5) the value of * obtained from (10) ; this will give for the light of the planet 
incident upon d e, if the latter is presented perpendicularly to the line A joining the 
Earth and planet, 

Hence, 

/jo\ di' _ Op JR?p" 

d~Z~~ T aV 

will represent the ratio of the light reflected from the planet upon the earth, to that 
which the latter receives from the Sun. 

The attempts which have been made to compute the proportion between full moon- 
light and sunlight upon theoretical principles, supposing none to be absorbed by the 
Moon, present singular discrepancies. Thus we have, according to different author- 
ities, 
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(a) 


Full Moonlight 


Sunlight 


(i) 


a 


(<0 


u 


(d) 


a 


w 


<( 


(/) 


a 


(ff) 


a 


(h) 


a 


(0 


a 


(i) 


u 


(*) 


« 



450000 

1 



48702 

1 

100000 

1 

16120000 

1 



389620 
1 



194810 

1 



97405 
1 

2"l0000 

1 



50000 

1 
90000 

1 
73054 



< Mitchell as quoted by Wollaston, Ph. Tr., 1829, p. 20. Probably 
\ a misprint for 3-5^^. 

From Mitchell's formula quoted by Wollaston, Ph. Tr., 1829, p. 20. 

Wollaston. Ph. Tr., 1829. 

Wollaston's formula. Ph. Tr., 1829, p. 20. 

Euler's formula. Mem. Ac. Ber., 1750, p. 299. 

Bouguer's formula. Mem. Ac. Paris, 1757, p. 22. 

( Bouguer, for sphere covered with polished hemispherical asper- 
\ ities. Mem. Ac. Paris, 1757, p. 22. 

Leslie, Ed. Ph. Jour., No. XXII. 

Smith. Optics. 

Smith. Optics, p. 23. 

Lambert's formula. Beer, Grund. Phot. Cal., p. 68. 



Where the formulae have been given, the values have been calculated, using for the 
Moon's mean semi-diameter seen from the Earth, 934".67. It is probable that (a) 
and (i) have been derived from the same formula with (b) by employing a slightly dif- 
ferent value of the Moon's semi-diameter ; and a similar supposition may be made with 
respect to (j) compared with (#), and (h) compared with (/). However this may be, 
the difficulty with the formulae (excepting (d), which does not seem to be a correct de- 
duction from the principle assumed by Wollaston respecting the intensity of illumina- 
tion on different parts of the Moon's surface) evidently lies with the values attributed 
to the coefficient ©. 



If we make R 



sin. 934".67, and /» = 1, we have from (13) 



For = 4 



4 


di' 1 


as in (6), 


dL~ 48702 


2 


di' 1 


" (if), 


dL~~ 97405 


1 


di' 1 


" (/), 


dL~ 194810 




d i' 1 


" (?), 


2 


dL ~~ 389620 


8 


d V 1 
dL ~~ 73054 


« (*). 
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Referring to the particular cases considered on p. 233. we find that (b) represents the 
proportion of moonlight, if the Moon were a flat, opaque disc, reflecting light upon the 
surrounding concave in proportion to the apparent area of the disc as seen from differ- 
ent points ; (g) is the proportion for a disc, reflecting, as in (7), with uniform intensity 
over the whole hemisphere to which it is presented ; while (f) gives the proportion, 
supposing the Moon's surface polished. 

Euler's result implies the value ={, which is not at all probable. It will be 
noticed that he has supposed that an element, d S, of the surface of the Sun, or of any 
self-luminous body, diffuses its light in equal quantities in all directions. It would 
follow that a sphere self-luminous should appear near its margin, where each element, 
d S, is seen much foreshortened, proportionally brighter than at its centre ; but this is 
not in reality true of the Sun,* nor of other bodies shining by their own light. If, on 
the other hand, equal areas are found experimentally to have the same apparent inten- 
sity at all angles of inclination of the surface to the line of sight, f the light from a 
self-luminous sphere like the Sun will be just one half as bright as it would be under 
Euler's hypothesis, if the intensity at perpendicular emission is the same in both 
instances, — being in the one case proportional to the projected area, and in the other, 
to the actual area of the visible hemisphere, or as 

jrp 2 1 



2 wp 2 2 
p being the semi-diameter. 

We will now consider the variations in the quantity of light reflected by the Moon 
or a planet produced by changes of phase, and shall find in the course of the inves- 
tigation an explanation of the value = f . An element of its spherical surface pre- 
Fig . l sented at right angles to the parallel incident rays 

of the Sun, receives more light than an equal 
element would on any other part. The quantity 
received at other angles of incidence will vary as 
the cosine of the angle, and will vanish at the 
margin of the hemisphere. If the Moon is 
viewed from different positions, both the average 
brightness of the illuminated phase, and the rela- 
tive intensity in different parts of it, will change 
with the angle between the line of sight and of 

* Sir J. Herschel, Outlines of Astron., (395). 

t Ibid., Treatise on Light. Enc. Met., p. 347. Beer, Grundriss des Photometrisehen Calcules, pp. 7, 8. 
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illumination. This angle, which is the external angle at * of the triangle slds', 
Fig. 1, we will call v. 

From the condition that the amount of sunlight incident upon any element of the 
illuminated hemisphere of the Moon is proportional to the cosine of the angle between 
the Sun and the zenith of that element, Lambert has obtained the expression * 

,, ... 2 u sin. 2 1 sin. 2 a- / • \ 

(14) -!-— ^-^ (sin. v — v cos. v) 

v ' 3,r sin. 2 s v ' 

for the ratio of the light of the Moon, at any given phase, to that of the Sun. 

I is the semi-diameter of the Moon seen from the element de on the Earth, 



o- " 




u 


" Sun 


it 


u 


a 


a 


Moon, 


* " 




u 


" Sun 


u 


u 


u 


tt 


Earth. 


If we substitute 


in 


(14), 














sin. 1 — B , 
A 




sin. a 


Sun's semi- 
r 


diameter 

> 




sin. s 


Sun's semi-diameter 
R 


it becomes 






—!- (sin. v - 

3 7T 


— V COS. V) 


^ 2 P 2 

AV 


• 






Comparing this with (13), 


we have 












(15) = 


8 
3 


sin. v — ( 

77 


V COS. V 


di' 
d~L~ 


2p 
' 3 


sin. v 


— v cos. 


V ^p 2 

aV 



as the expression, according to Lambert, of and -^ for the phases of the Moon or 
for a planet partially illuminated. When v = 180°, © = 5, as on p. 235. 

Euler,-f on the other hand, gives a formula, which, reduced to the same notation, 
becomes 

nfi\ di ' - t sin -' i- " &p\ 

K > 11 8 AV' 

hence, 

e = I sin. 2 I v. 

The quantity of light received is here assumed to be proportional to the area of the 
illuminated phase, and the average intensity of its bright surface to be the same at 
all ages of the Moon, which is a condition not at all likely to hold good. 

Lambert's solution is the only one J which attempts to represent the gradation in the 

* Photometria. Beer, Grund. des Phot. Cal., p. 69. t Mem. Ac. Ber., 1750. 

% Wollaston, Ph. Tr., 1829, has adopted the same principle, but he has deduced from it an erroneous for- 
mula for the full Moon, viz. : 

di' _ 1 -J- 2 sin. 3 1 — cos. 8 1 

JZ~ I 

VOL. VIII. 31 
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intensity of the illumination of the phase from the edge presented towards the Sun up 
to the boundary between the bright and dark hemispheres. It is interesting to note, 
in the photographs of the Moon and Venus, when half enlightened, how much more 
sensitive to this graduation of intensity is the photographic plate than the eye. 

Mr. De la Rue remarks that " the lunar surface, very near the dark limb, is copied 
photographically with great difficulty, and it sometimes requires an exposure five 
or six times as long, to bring out completely those portions illuminated by a very 
oblique ray, as others apparently not brighter." * The comparative feebleness of the 
edge near the dark part of the disc I have found to be most striking while the picture 
is developing. 

He considers this to be an indication that there is an inequality in the chemical 
action of different parts of the Moon equally bright to the eye ; and indeed it is difficult 
to convince one's self, from the impression produced on the retina, that the neighbor- 
hood of the unenlightened edge is relatively as deficient in optical as it is in chemical 
intensity. It is plain, however, that this inequality actually exists. If we view the 
Moon at quadratures when half enlightened, the quantity of sunlight incident on an 

element of its surface d s, placed so that its projection 
rig - 2 - dp falls at P, on the semi-diameter CE, Fig. 2, will 

^--, vary as the cosine of the angle between two lines, 

one drawn from the centre to the surface at E, where 
the Sun is in the zenith, and the other to the element 
\ d s. There is then a considerable region near the dark 
l r | limb where the average visual intensity is not greater 

/ than one fifth or one sixth of that of the bright limb, 
| / just as is found to be the case photographically. Ob- 

/' servations, which will be noticed in a subsequent part 

] ,---'' of this Memoir, prove that this diversity actually oc- 

curs in the distribution of light over the half-Moon, 
in accordance with the above theory, as well as with the photographic results. 

The photographs of Venus exhibit the gradations of illumination over its sur- 
face very beautifully. The eye, indeed, with some attention, recognizes, in the tele- 
scopic view, a brightening up of its light on the limb next the Sun, but the contrast 
comes out much more decisively in the photographs. 

It has been observed by De la Rue, that the high ground of the Moon's southern 

* Report of the British Association, 1859, p. 145. 
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hemisphere is more easily photographed than the low lands of the northern hemi- 
sphere, and it has been supposed that this is another instance of a difference in chem- 
ical intensity which does not exist in the visual rays. The so-called lunar seas are cer- 
tainly, optically as well as chemically, fainter than the rest of the surface, and the more 
rugged and mountainous regions are brighter to the eye, just as they are chemically. 
The eye is, however, likely to mislead in such estimates without special precautions to 
aid its judgment. 

There is one peculiarity in the appearance of the full Moon, which deserves atten- 
tion in this connection. 

If the Moon were polished perfectly smooth, we should not see its limb at all, but 
only an image of the Sun, formed at a virtual focus by reflection from its surface ; the 
visibility of its outline then is entirely due to its asperities, and the particular way in 
which these are disposed will have a great effect on the distribution of its light. 
Its surface ought, according to Lambert's investigation, to be brightest at the centre, 
and very decidedly faintest at the limb, but it is actually the reverse. We have before 
noticed the readiness with which the full Moon photographs at its margin, indicating 
the greater intensity of chemical light from that quarter ; with a little attention, the 
eye recognizes the same property in the optical rays. When viewed at the proper 
time, the bright marginal rim of the full disc will be at once perceived, of nearly 
equal breadth throughout, say from 2' to 3', and reaching entirely round the circum- 
ference. 

We have seen that Euler's view of the manner in which light emanates from the 
Sun requires that it should appear brightest at the circumference,* while Lambert 
makes the Moon brightest at the centre. In reality, these conditions are reversed, 
the Sun being brightest, and the Moon faintest, in the central regions. The condition 
of the Moon's surface, in this respect, seems to be an exception to the law of reflection 
from opaque substances, inferred experimentally by Lambert and Bouguer. It deserves 
notice, that the anomaly observed in the distribution of light over the lunar disc occurs 
also, though less decisively, in the planet Mars, which is ordinarily brightest at the 
limb when near its opposition. Possibly the Earth presents a like aspect viewed from 
a distance. In the daytime we see the sky near the horizon brighter than most terres- 
trial objects projected upon it. The light reflected from a great depth of dense atmos- 
phere is therefore stronger than that reflected from the general landscape. The appear- 
ance of our Earth from a distance would be that of a dark body, seen through a thin, 
translucent atmosphere, which, if at the time free from clouds, will be at the edges 

* Lambert considers the Sun to be uniformly bright over its disc. 
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brighter than the surface of the globe enveloped by it. Jupiter is brightest at the 
centre, but we perhaps never obtain a view of its solid nucleus, nor even of the denser 
regions of its atmosphere. 

A more serious discordance from Lambert's formula is presented in comparing the 
observed and computed quantity of light received from the Moon at its several phases. 

In 1836, Sir J. Herschel, during his stay at the Cape of Good Hope, compared the 
Moon's image, formed by a lens, by means of an apparatus constructed for the purpose, 
with sixty-nine of the brightest fixed stars, at various phases between the elongations 
105° and 262°. The object immediately in view, which was the comparison of the 
light of the stars, by employing the lunar image merely as a temporary standard, 
and subsequently eliminating the uncertainty of its variations by referring all the 
stars to one of the brightest of their number, was satisfactorily accomplished, and 
furnished a most valuable series of photometric determinations. If the light of these 
stars be taken as an invariable standard, it is evident from Herschel's reductions, that 
that of the Moon experiences a much more rapid degradation at the phases on either 
side of full than can be accounted for by the formula * of which he has made use to cor- 
rect the light received from the phase to full moonlight, and we shall presently see that 
Lambert's does not afford a materially better representation. On the other hand, if 
the moonlight, reduced to full, is assumed to be consistent with theory, then we must 
infer with Herschel, that the effect of the increasing phase on the general illumination 
of the sky enfeebles the starlight in a very anomalous way, and so as to make it im- 
possible to obtain absolute results as originally proposed. He found that the influ- 
ence in question might be represented by supposing that "the effective impression 
of a star on the retina is inversely as the square of the illumination of the ground of 
the sky on which it is seen projected," f adding, however, that he was by no means 
prepared for the enormous extent of the influence which the results indicated. 

Referring to the details of the investigation, it will be seen that, while the fact of a 
well-marked discrepancy is placed beyond doubt by Herschel's investigations, it may be 
accounted for equally well, so far as the representation of the observations is con- 
cerned, by ascribing it to actual variations of moonlight not recognized in the com- 
puted reductions. Thus, if, instead of supposing, with Euler and Herschel, that 
moonlight varies with the area of the projection of the illuminated surface presented 
to the Earth at a given phase, that is, as sin. 2 § v nearly, we adopt, within the limits of 

* Results of Astr. Obs. at the Cape of Good Hope, p. 356. The formula is substantially the same as Euler's. 
See p. 237 (16). 
t Ibid., p. 368. 
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the angles of elongation comprising the observations, a new expression nearly propor- 
tional to sin. 6 ^ v, there will be no difficulty in satisfying the data. It should be 
noticed that this expression is not proposed as a substitute for Herschel's hypothesis, 
but merely to show that the observations in question can be satisfied without resorting 
to the latter. It will subsequently appear that neither of the formulae represents 
the entire range of phases from new to full Moon. 

The formula employed by Herschel, to find the proportion between the light from a 
given phase and that of the mean full Moon, may be derived from (12) by the follow- 
ing substitutions : — 

3^ = the light from the phase compared with the mean full Moon. 

di' = the quantity of light from the mean full Moon, incident at right angles upon an element de 
at the Earth. 
(17) r = the corresponding distance of the Moon from the Sun. 
A a = its mean distance from the Earth. 
7 = its mean angular semi-diameter. 
= £ sin. 2 \ v. 
R = Earth's radius vector. 

(12) then becomes, making at the full phase v Q = 180°, 

<*»'„= ^- p * de, di> = tL JL. am?±vde, 

32,7 r* A 2 ' 32*- r'A 2 * 

and we shall have 

(.8) <-£.-££ ■■-•*•■ 

in which may be used 

r = 1.0025 A _ I 

r = R (1 — 0.0025 cos. v) J ~ f o ' 

I being the augmented semi-diameter as seen from de. The difference between the 
Moon's semi-diameter seen from d e and from the centre of the Earth, as well as the 
difference between the distance of the Earth and of the Moon from the Sun, are, how- 
ever, too small to have an appreciable influence upon the experiments. 
By the same substitutions, but making 

= % sin. 6 £ v, 

we have 

(19) M 2 = M x sin. 4 1 v. 

The value of M best representing the observations between quadratures and opposi- 
tion, when the light of the stars is taken as the standard, is, according to Herschel 

M 3 = M, 298 , 
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or very nearly 

(20) M 3 = jr, 3 . 

According to Lambert's formula, we shall find from (15) and (12) 

._ r%A% sin. v — vcos.v sin.» — » cos. v 



Hence we have 



'A" jr jrSin/itf 



J*; = !|A» S in. 2 - v. Euler and Herschel. 



^a 2 

3L = M, sin. 4 - v. Assumed. 

(22; l 2 

M z = JMi 8 . 

,, ,, sin. v — «cos.«> T , , 

M^=z M x — . Lambert. 

jr sin. 2 1 v 

These will be compared with the results of Herschel's observations. In the first 
column of the following statement, the date of the observation is given ; in the second, 
the number of stars compared with the Moon ; in the third, its elongation from the 
Sun ; in the fourth, the logarithm of the observed moonlight ; in the fifth and sixth, the 
altitude and corresponding log. cor. for extinction ; next, the logarithm of the observed 
quantity of moonlight corrected for extinction, and referred to the mean full Moon as a 
unit, with the weight given to the determination ; in the remaining columns are the 
values of the logarithms of M lt M 2 , etc., calculated according to the above hypotheses. 
M has been derived from Herschel's log. (i** by subtracting the constant logarithm 
3.500, and applying a correction for atmospheric extinction. 

log. M„ = log. fi* — 3.500 -f- log. cor. for extinction. 

In the correction for extinction, which corresponds to the altitude adopted in the 
adjacent column, it has been assumed that the average altitude of the stars was the 
same as that of the Moon. Its influence is at all events scarcely appreciable, excepting 
in one or two instances. It will be seen from the comparisons which follow, that the 
constant 3.500 applied as above to log. ft* is a sufficient approximation for the present 
purpose. The value 3.543 was subsequently found, but its introduction would not 
affect the conclusions arrived at. 

* Herschel's /x is here designated as p*, to distinguish it from the same letter used with a different signifi- 
cation elsewhere in this Memoir. 
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Date. 
1836. 


No. of 
Stars. 


Moon's 
Elongation. 


Log. Obs. 
Moonlight. 


Alt. 


Log. Cor. 
Extinction. 


Log. Mq. 


Wt. 


Log. Mi, 


Log. M% 


Log. Mi. 


Log. Mi. 


Mar. 28 


19 


129?5 


9.499 


o 

30 


0.097 


9.596 


2 


9.896 


9.721 


9.688 


9.830 


30 


20 


154.6 


9.751 


47 


.024 


9.775 


3 


9.985 


9.942 


9.954 


9.966 


31 


4 


167.0 


0.017 


50 


.017 


0.034 


2 


0.012 


0.000 


0.035 


0.006 


April 1 


5 


179.3 


0.213 


55 


.010 


0.223 


2 


0.023 


0.023 


0.069 


0.023 


3 


14 


201.0 


9.956 


70 


.003 


9.959 


5 


0.024 


9.995 


0.971 


0.011 


4 


13 


221.4 


9.786 


76 


.002 


9.788 


2 


9.981 


9.865 


9.944 


9.937 


7 


6 


261.9 


9.304 


50 


.017 


9.321 


3 


9.786 


9.299 


9.359 


9.625 


26 


13 


120.9 


9.582 


44 


.030 


9.612 


5 


9.868 


9.626 


9.603 


9.786 


27 


20 


134.2 


9.720 


50 


.017 


9.737 


5 


9.932 


9.790 


9.796 


9.884 


June 29 


5 


193.0 


0.059 


45 


.028 


0.087 


4 


0.039 


0.028 


0.012 


0.048 


July 22 


9 


105.2 


9.506 


70 


.003 


9.509 


4 


9.813 


9.413 


9.440 


9.690 


24 


8 


133.2 


9.832 


55 


.012 


9.844 


4 


9.960 


9.811 


9.881 


9.917 


26 


13 


160.7 


9.026 


83 


.001 


0.027 


5 


0.030 


0.005 


0.089 


0.032 


Aug. 22 


3 


130.0 


9.794 


55 


.012 


9.806 


3 


9.949 


9.779 


9.848 


9.894 


23 


5 


143.0 


9.885 


74 


.002 


9.887 


4 


9.991 


9.899 


9.972 


9.962 


Nov. 19 


12 


142.1 


9.786 


45 


.028 


9.814 


4 


9.952 


9.855 


9.855 


9.902 


25 


2 


211.4 


9.625 


29 


.113 


9.738 


2 


9.933 


9.867 


9.800 


9.894 


Dec. 17 


4 


123.0 


9.504 


37 


.058 


9.562 


3 


9.884 


9.659 


9.651 


9.787 


26 


3 


223.6 


9740 


30 


0.097 


9.837 


2 


9.905 


9.776 


9.714 


9.844 



From the above we obtain the following, arranged according to values of v. 





Log. Mi — log. M . 


Log. Ma — log. M . 


Log. M3 — log. M . 


Log.Af4 — log.ilio. 


Wt. 


v = 9&1 


+ 0.465 


— 0.022 


+ 0.038 


+ 0.304 


3 


105.2 


+ 0.304 


— 0.096 


— 0.069 


+ 0.181 


4 


120.9 


+ 0.256 


+ 0.014 


— 0.009 


+ 0.174 


5 


123.0 


+ 0.322 


+ 0.097 


+ 0.089 


+ 0.225 


3 


129.5 


+ 0.300 


+ 0.125 


+ 0.092 


+ 0.234 


2 


130.0 


+ 0.143 


— 0.027 


+ 0.042 


+ 0.088 


3 


133.2 


+ 0.116 


— 0.033 


+ 0.037 


+ 0.073 


4 


134.2 


-f- 0.195 


+ 0.053 


+ 0.059 


+ 0.147 


5 


136.4 


4- 0.068 


— 0.061 


— 0.123 


+ 0.007 


2 


138.6 


-f 0.193 


+ 0.077 


+ 0.156 


+ 0.149 


2 


142.1 


+ 0.138 


+ 0.041 


+ 0.041 


+ 0.098 


4 


143.0 


+ 0.104 


+ 0.012 


+ 0.085 


+ 0.075 


4 
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Log. Mi — log. Mq. 


Log. Mi — log. M . 


Log. M3 — log. M . 


Log. Mi — log. M . 


Wt. 


148?6 


+ 0.195 


+ 0.129 


4- 0.062 


+ 0.156 


2 


154.6 


+ 0.210 


+ 0.167 


+ 0.179 


+ 0.191 


3 


159.0 


-j- 0.065 


4- 0.036 


+ 0.112 


+ 0.052 


5 


160.7 


+ 0.003 


— 0.022 


+ 0.062 


+ 0.005 


5 


167.0 


— 0.022 


— 0.034 


+ 0.001 


— 0.028 


2 


167.0 


— 0.048 


— 0.059 


— 0.075 


— 0.039 


4 



179.3 —0.200 —0.200 —0.154 —0.200 2 

It is plain that M a and M 3 alone furnish a tolerably approximate representation of 
the data. The agreement of these is good, considering the difficulties of the observa- 
tions. The largest discrepancy is for the full Moon, v = 179°.3; unfortunately, it is 
the only determination for this phase, and, the sky at the time being partially clouded, 
only a small weight can be given to the observation. 

To decide the question of preference between M a and M 3 , if we divide the results 
into groups of adjacent values of v, and take the means according to weights, we 
have 

Log. Mi — log. Mq. Log. M3 — log. M . 

v — 102.2 2u= 7 —0.064 —0.023 

121.7 " = 8 +0.045 +0.028 

131.3 " = 9 +0.004 +0.051 



135.7 


» = 9 


+ 0.033 


+ 0.040 


143.7 


" = 10 


+ 0.047 


+ 0,063 


158.7 


" = 13 


+ 0.044 


+ 0.108 


167.0 


« = 6 


— 0.051 


— 0.025 


179.3 


« = 2 


— 0.200 


— 0.154 



/2 w (log. M 2 - log. M f _ Q Q56 / 2 w (log. M 3 - log. M) 2 _ ■ 067 

V 2W " V SW 

Of the two hypotheses, then, for the quantity of moonlight between the limits 
v = 102° and v = 179°, 

ri A? . . 1 t» A 6 „ . . 1 



M 2 = -fJ sin. 6 -v, - M 3 = ;»-"» 



sin. — v. 



r> A 2 -"" 2 ' ^ 3 — r 6 A 6 2 ' 

the first is at least as good as the second. This proves that the apparent increase of 
brightness towards the full Moon is not necessarily due to a relative enfeeblement of 
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starlight by the illumination dispersed over the sky, but may, with equal probability, be 
referred to some peculiarity in the Moon itself, which causes it to reflect light more 
freely at some inclinations of the incident and visual rays than at others. 

This result, taken in connection with the wide divergence of Euler's and Lambert's 
formula, making the Moon at quadratures, theoretically, twice as bright as it really is, 
gives a new interest to the investigation, and makes it desirable that it should be sub- 
jected to other tests. One such is afforded in the following considerations. 

If it is true that a change in the brightness of the background of the sky has the 
effect of enfeebling the impression of starlight on the eye, in so high a ratio as the 
square of the diffused illumination, the fact should appear on dividing the observations 
of the stars compared into two groups, one comprising those made at a large angular 
distance from the Moon, and the other, those nearest to it ; the latter should afford 
results making the stars relatively fainter, in consequence of the greater intensity of 
illumination of the sky in the immediate neighborhood of the Moon. 

The following stars in Herschel's series are favorably situated for showing the influ- 
ence in question. 



*Jame of Star. 


8 Scorpii 


« 


u 


X Scorpii 


a 


« Sagittarii 


a 


a Centauri 



/? Centauri 



a Gruis 



a Pavonis 



;e from Moon. 


Observed 
Quantity of Light. 


o 

37 


0.169 


48 


0.150 


100 


0.170 


45 


0.202 


100 


0.196 


40 


0.145 


52 


0.147 


40 


0.930 


43 


1.235 


43 


1.120 


62 


1.095 


40 


0.440 


44 


0.370 


45 


0.407 


65 


0.400 


65 


0.382 


"33 


0.194 


38 


0.185 


65 


0.163 


33 


0.155 


47 


0.132 


72 


0.139 



vol. viii. 32 
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For the quantity of light, the numbers are given as computed by Herschel, by a 
process explained in the work above cited,* which gives the brightness of each indi- 
vidual star in parts of a common unit, and freed from the average of the perturbations 
common to all the stars observed on any one night. Those dates only have been em- 
ployed for the purpose now in view, which afford a sufficient number of stars for a 
reliable mean value of p* ; with this precaution, the peculiarities appertaining to each 
star, on any one night, ought to discover themselves. 

In the following results, the column headed "Relative Brightness" is the ratio be- 
tween the light of the star determined at the smaller of the two distances from the 
Moon, compared with the light of the same star when at the greatest distance. 

Name of Star. Distances from Moon. Relative Brightness. Wt. 

„ c •■ i 37 ° 100 ° i-oo ) 

6 Scorpu \ \ 3 

(48 100 0.88 ) 

X Scorpii 45 100 1.03 5 

t Sagittarii 40 52 0.98 1 

« Centauri 42 62 1.00 3 

/S Centauri 43 65 1.04 4 

a Gruis 35 65 1.17 3 

« Pavonis 40 72 1.04 4 



Mean by Weights 42 78 1.02 ± 0.011 

This result does not indicate any appreciable influence from the greater amount of 
diffused illumination of the sky in the neighborhood of the Moon, and is, therefore, 
unfavorable to the hypothesis that the abnormal variations of brightness of the stars 
relatively to the Moon, from night to night, are to be explained by an increase in the 
quantity of moonlight dispersed by reflection in the atmosphere, over the whole sky. 

We have already seen that photographic experiments indicate a peculiarity in the 
chemical action of moonlight at the several phases compared with the full, and from 
the above discussion it would seem that the visual rays are affected in an analogous 
manner, and to an extent not accounted for in Euler's nor in Lambert's theory, — in 
other words, the brightness of the Moon increases too rapidly between the half-moon 
and the full phases. 

In order to leave no doubt as to the reality of the discrepancy between the amount of 
light actually received from the phases and that indicated by the proposed theories, and 
of its being properly referable to the Moon itself, I have compared the latter with a fixed 

* Results of Astronomical Observations, Cape of Good Hope, p. 365. 
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standard, by a process quite different from Herschel's, extending the experiments also 
to the phases between conjunction and quadratures. 

I have used, as a standard light, a little disc of the central part of the flame of a 
Carcel lamp. The height of the flame being first regulated to its maximum of l in .50 
to l in .75 from the top of the wick, a tube of zinc was placed outside of the chimney, 
at a distance of 1 inch from the nearest part of the flame, and high enough to cut off 
all the light excepting that which passed through apertures made in the zinc for the 
purpose ; these apertures were circular holes of the following diameters : — 

Diaphragm X 0.094 

" Y 0.056 

" Z 0.040 

" M 0.033 

They were placed in turn opposite to the part of the flame which appeared of most 
uniform brightness. By using, in this way, only a small area of the middle of the 
flame, its variations in height were made much less sensible than they would otherwise 
have been. 

To compare the light transmitted through the aperture with the Moon, the light of, 
both objects was received on a glass globe, either silvered or filled with mercury, and 
their images, viewed side by side, were equalized by moving the bulb to the proper dis- 
tance from the lamp. This distance being always large compared with the radius of 
the bulb, the brightness of the two objects will be as the squares of their distances 
from the bulb. 

The following are the diameters of the glass spheres used in these and subsequent 
experiments. 

Diameter of Reflecting Surface. 
in. 

Bi Filled with mercury (thermometer bulb), .... 0.604 

R, Silvered, 3.436 

B a Silvered, 1.760 

B t Filled with mercury (thermometer bulb), .... 0.304 

B 5 Silvered, 10.160 

These refer to the inner reflecting surface of each, twice the thickness of the glass 
having been subtracted from the outside diameters. The spherical form was well pre- 
served throughout the surface of the bulbs, excepting near the stem, a part not used 
in the experiments. 



248 ON THE LIGHT OF THE MOON AND OF THE PLANET JUPITER. 

The following diameters of B z , measured in various directions, show the general char- 
acter of the irregularities of figure to which these glass globes are liable. 



in. 

Diameter of B^ — 3.501 - 


- 2 


X o!()34 


3.506 




a 


3.500 




a 


3.503 




a 


3.510 




a 



Small irregularities of form and in the quality of the reflecting surface are elimi- 
nated by reversing the bulb, so as to present the same part alternately to each object. 
The absorption being equal for both images, its effect will be eliminated in the ratio of 
the two lights compared. 

The convenience of this photometer is its principal recommendation, especially when 
the observations are made at night and in the open air, under various annoyances 
which would prevent the use of any but a very simple apparatus. A polished sphere 
has the property of reflecting an equally bright image of a distant object in all direc- 
tions ; but since the proportion of light lost by absorption may be liable to vary some- 
what at different incidences, it is better to place the eye in such a position for viewing 
the two images, that a line drawn from it to the centre of the sphere may make equal 
angles with the directions of the two objects from the same centre, so that the angles 
of incidence for the light reaching the eye will thus be the same for both. 

Care has been taken to place the bulb in the axis of the pencil proceeding from the 
lamp aperture, so that the light compared should come from the centre of the flame, 
and pass the aperture at nearly right angles to its plane. 

If d I be the quantity of light incident from the lamp disc upon an element of sur- 
face d e, placed near the axis of the pencil, and perpendicular to the line d, joining d e 
with the centre of the disc, d I will remain sensibly constant for small changes in the 
direction of d relatively to the axis. The whole quantity of light, incident upon a 
sphere having a radius /3, small compared with d, will then be obtained, as in (10). 

I /3 s 
(23) * = TZ ; 

where I is the whole quantity of light which would emanate from the disc, if it shone 
in all directions with the same brightness that it does upon d e when placed in the axis 
of the pencil. So long as the comparisons are confined to the light incident from the 
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illuminating aperture, near the axis of the pencil, we may proceed with the reductions 
as though this were actually the case. 
From (12) we have for the moonlight, incident at right angles upon de, 

W dl — 16* r'A 2 ' 

p being the Moon's radius, r and A its distance from the Sun and Earth. The quan- 
tity incident upon the bulb, denoted by i\ will be obtained by substituting for d e the 
area of its section, by a plane perpendicular to A, or d e = ir yS 2 , whence 

W % — 16 r 8 A 2 ' 

By the equalization of the images of the Moon and lamp upon the bulb, we have 
i = i', and from (23), 



(26) 



I 0al 



V- 1 P 



d 2 ~ 4 r'A 



.2 A2 - 



The light of the Moon for any particular value, v lt of v, and at the distances A 1 and 
i\ from the Earth and Sun, gives 



8 



(27) 



I 6»i /il p 



©i and di being the corresponding values of & and d. Comparing (26) and (27), we 
find, by making H x = — , 



( 28 ) ^ = 1-i 3~7i- 






The values of .Hi must be derived from observation at different ages of the Moon ; 
we shall then have from (24), for the quantity of moonlight at any phase, and for 
given values of r and A compared with the assumed standard, 



(29) ,T=«X5 



di\ ~ ' r*A 2 ' 
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The following are the observations made for the purpose of determining H x , the 
mean quantity of moonlight at the several phases ; d represents the distance of the 
centre of the bulb from the diaphragm of the lamp. In these and in subsequent 
experiments, four Carcel lamps, distinguished by the letters I, R, S, and W, were used, 
with hollow cylindrical flames, the oil being supplied at the lower edge of the flame 
by clockwork. A few comparisons of Jupiter and Venus, taken at the same time, are 
included. 

Photometric Observations upon the Moon, Jupiter, and Venus. 

1860, March 24th. Lamp 8, diaphragm Z. " A few clouds near the horizon, but 
the sky seems perfectly clear in the intervals." 

ft. 

■ 15° from Moon." d — 38.5 

" d = 38.5 

d = 36.0 

d> = 66.0 
d' = 47.0 
d> — 47.0 

d"= 93.5 
d"= 98.5 
d" = 108.5 

The position of the lamp was thought rather too high, and was altered on the sub- 
sequent evenings ; this, if at all sensible, would cause the Moon, Venus, and Jupiter 
to appear too bright on the 24th. The equalization of the images was noted by two 
observers, the position of the bulb being frequently changed. The chief uncertainty 
arises from the red color of the flame when contrasted with the Moon and planets, 
though when seen by itself it looks quite white. The Moon was only about 8° above 
the horizon. 

March 25th. Lamp 8, diaphragm Z. " Cleared suddenly. A pure sky, and the 
'lumiere cendree' unusually distinct." 

h m (A thin cloud was noticed just below the \ f 

7 54 Sid. time. Moon 3£ days old, near Venus. ) two when the observations were com- > d — 10.6 

( menced, but it soon dispersed. ) 

7 50 « « « $ — 9.0 

8 8 " " " d = 12.1 



h m 

8 3 


Sidereal 


time. 


Moon 2£ days old. 


" A cloud not far off, 1( 


8 4 


u 




a u 


« « 


8 21 


a 




a u 


" Perfectly clear." 


8 6 


a 




Venus. 




8 10 


a 




u 




8 23 


a 




u 




8 12 


it 




Jupiter. 




8 19 


it 




u 




8 26 


a 




a 
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h m 

7 56 Sidereal time 


Venus. 




8 23 " 


u 




8 5 " 


Jupiter. 




8 9 " 


a 




8 19 " 


it 


"Perfectly clear 


March 27th. 


Perfectly clear. 




h m 

9 2 Sid. time. 


Moon 5^ days old. 


Diaphragm Z. 


9 5 " 


il it 


u 


9 8 « 


u a 


u 


9 10 " 


a a 


Diaphragm X. 


9 11 " 


61 « 


a 


9 12 " 


u a 


a 


9 15 « 


a u 


( Lamp without dia 



d 1 - 


ft. 
= 50.6 


d' = 


= 61.1 


d" = 


- 93.6 


d" = 


= 93.4 


d" = 


= 94.9 


d = 


ft. 
5.14 


d = 


5.65 


d = 


5.63 


d = 


12.10 


d = 


11.60 


d = 


12.10 


d = 


113.06 



( from wick l' n .50, to apex l in .75. ) 

To reduce the comparisons made with X to the standard aperture Z, the ratio 

Light from Z _ 1 
Light from X 4.63' 

as determined hy experiment, is to be used. 
1860, March 29th. Clear. 



9 00 Sid. time. 



Moon, first quarter. 

« a 



Diaphragm X. d = 5.44 

" d = 5.77 

" d = 5.82 

Full flame without diaphragm. d = 65.6 
Mean height from wick l'\68, to extreme apex 2 in .10. d = 63.1 

The hour was not noted, but it was nearly as stated. 

March 30th. " A red haze in the sky, which does not appear to obstruct the light 
much." * 



h m 

10 14 Sid. time. 


Moon 8£ days old. 


Diaphragm X. 


ft. 

d = 5.95 


(£ a 


« « 


a 


d = 6.50 


it a 


« u 


a 


d = 6.48 



There was no glass screen before the lamp disc, and to reduce the observations to the 
usual standard, the lamp-light must be multiplied by the coefficient y = f- , as well as 
by the ratio of Z to X, given under the date of March 27th. 

* It appears, from the reductions, that the effect of the haze was more considerable than was at first sup- 
posed. 
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April 2d. Perfectly clear. No clouds visible through the evening. 

h m ft. 

8 19 Sid. time. Venus. Diaphragm Z. d' = 45.3 

" " " d> = 44.5 

C Owing to moonlight, the image of) 

8 29 " Jupiter. " 4 Jupiter had become too faint > d" = 64.5 

(. for a reliable comparison. ) 

8 49 " Moon 11£ days old. Lamp, diaphragm X, without screen, d — 3.20 

" " " « d = 3.13 

" " u u d _ 3, 60 

8 54 « « « rf = 3.10 

The above observations on the Moon must be corrected, as on March 30th, by the co- 
efficient 7. Later in the evening the lamp I was placed in position as used for Venus 
and Jupiter, with the screen, but having no diaphragm ; the flame adjusted to a height 
of 0' n .75 from wick, and subsequently compared with standard, gave 

Log. : = 7.8054. 

& Lamp-flame 0'".75 

h m ft. 

12 59 Sid. time. Moon with lamp I, as above. d = 14.4 

« " d— 15.4 

April 5th. A thin haze about the horizon, with cirrus cloud. The sky near the 
Moon appeared clear, though not perfectly transparent. Lamp I in usual position, 
flame adjusted to a height of ln .96, and subsequently compared with standard. 





8 ' Lamp-flame in .96 




h m 

11 33 Sid. time. 


Moon with lamp I, as above. 


ft. 

d = 17.9 


11 36 


« « 


d = 19.2 


11 39 « 


a u 


d = 19.3 



April 6th. Clear. 

Lamp S in usual position. Low flame. By comparison with standard, 





Lamp S 








h m 

14 39 Sid. time. 


Moon near meridian ; 


one day past 


full. 


ft. 
d = 18.0 




a u 


u u 




d — 13.8 




« a 


u 11 




d = 13.4 




u a 


a u 




d = 13.7 




(i « 


u a 




d = 13.8 
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April 13th. Fine sky. Perfectly clear. 

h m 

9 54 Sid. time. Venus. Diaphragm Z. Lamp S. 

10 4 " Jupiter. " " 



April 18th. Perfectly clear. 



9 34 Sid. time. 
9 54 « 

9 49 " 



Venus (half enlightened). 



Lamp S. Diaphragm Z. 



May 2d. Clear, but not entirely free from haze. 



h m 



12 45 Sid. time. Moon 2 days before full ; near the meridian. Lamp S. Diaphragm X. 



Lamp J. 



May 4th. Thin, red haze, dense at horizon. 



13 15 Sid. time. Moon full. Lamp S. Diaphragm X. 



May 25th. Clear. 



h m 

12 32 Sid. time. 



12 54 



Moon 5 days old. 



Lamp S. Diaphragm X. 



May 28th. Clear. 



h ra 



13 39 Sid. time. Moon 8 days old. 



Lamp S. Diaphragm X. In open air. 



Correction y to be applied as on March 30th. 
vol. vin. 33 



d = 


ft. 
51.9 


d = 


50.6 


d = 


106.6 


d = 


105.8 


d = 


108.4 


d = 


a. 
40.0 


d = 


40.5 


d = 


99.6 


d — 


ft. 
2.75 


d = 


2.45 


d = 


2.55 


d = 


2.95 


d = 


2.35 


d = 


2.45 


d — 


2.35 


d = 


2.55 


d = 


ft. 
3.06 


d = 


2.76 


d — 


2.66 


d = 


ft. 
9.3 


d — 


10.2 


d = 


10.4 


d = 


9.3 


d == 


9.8 


d = 


9.3 


d = 


ft. 

: 4.5 


d = 


- 4.0 


d = 


: 3.8 
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h m 

13 49 Sid. time. 



14 14 



14 19 « 



Moon 8 days old. 



agir 


i X. 


In open 

ii 


air. 


ft. 
d = 3.5 

d = 4.0 


u 




t! 




d = 4.1 


ii 




With screen. 


d = 4.90 


ti 




ii 




d = 4.60 


u 




ii 




d = 4.75 


II 




ii 




d = 4.8 


II 




ii 




d = 4.7 


II 




ii 




d — 4.8 



June 2d. Perfectly clear. 



h m 

17 40 Sid. time. Moon half a day from full. 

a ii 



June 12th. Clear. 



h m 

14 15 Sid. time. Venus. 



Lamp S. Diaphragm X. With screen, d = 
" " " d = 

" " " d = 



ft. 
2.20 

2.40 

2.30 



ft. 



Lamp S. Diaphragm X. With screen, d' = 63.8 
" " " d' = 63.8 



In the reductions, we must allow for the proportion of light extinguished by the 
atmosphere, taking the light when the object is in the zenith as a standard. To do 
this, the light as observed must be multiplied by a coefficient s, the numerical values of 
which have been adopted from Seidel. These must be applied, together with the coeffi- 
cient y, as mentioned in the notes appended to the observations on March 30th, April 
2d, and May 28th. The comparisons made with other apertures, as with X, or with 
the whole .flames, must be reduced, as directed in the notes. The amount of illu- 
mination afforded by the aperture Z at the axis of the pencil, is considered to be con- 
stant at the same distance. 

The object of the investigation, as respects the Moon, is to find J7|, by applying the 
formula (28). The observations upon Jupiter and Venus are not numerous enough to 
exhibit the variations of phase, but will furnish normal values of &[ and d", by means 
of which their light may be compared with moonlight. 

Let 



di = The distance in feet from the aperture Z, at which the illumination from the lamp is equal to that 

received from the standard phase of the Moon. 
di = The corresponding distance for Venus, 
rfj" = The corresponding distance for Jupiter. 
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For the Moon. 

r, = 1.0000 



For Venus. 

r,' = 0.7233 
A,' = 1.0000 
«V = 111°.2 



For Jupiter. 

r," = 5.2028 
A," = 4.2028 
v," = 180° 



The standard phase for Venus accords nearly with the date 1860, April 1st, 23 h .5, 
mean solar time at Cambridge ; this has been adopted on account of its lying midway 
between the dates of observation, so that errors in the assumed values of the correc- 
tions for phase, 

(30) H t > = 



0i 

or 



which must be used to find a normal value of d/, will be mostly eliminated. I have 



used 



W = 



sin. »,' — Vi 1 cos. Vi ' 



W = 



sin. v" 



■ v cos. v" 



sin. v t " 



■ Vi COS. f/' 



for the reductions to the standard phases of Venus and Jupiter respectively ; the light 
of the latter being referred to its mean opposition as a standard. 

The observations upon the Moon have been referred to its mean distance from the 
Earth, using for its mean semi-diameter, 934".67. 

After applying all the corrections, we have the following results : — 



I860. 



Moon. 



Venus. 



Jupiter. 



H x 



April 



May 



June 







*• if ' 




25 


39 


a 


8.158 


27 


64 


a 


( 8.605 
I 8.594 


29 


87 


a 


9.147 


30 


100 


a 


9.113 


2 


142 


it 


( 9.665 
( 9.839 


5 


176 


u 


0.029 


6 


162 


a 


0.046 


13 






.... 


18 






.... 


2 


150 


a 


( 9.910 
( 9.825 


4 


178 


u 


9.884 


25 


66 


u 


8.731 


28 


106 


u 


( 9.958 
( 9.367 


2 


174 


a 


0.147 


12 


* • • 







111 .2 log. -ig = 6.760 v" = 180° log. ~ 



d{< 



di" 



6.713 



6.162 
6.129 



6.811 



6.793 
6.872 



[6.573] 



6.221 

6.267 



6.646 



256 



ON THE LIGHT OF THE MOON AND OF THE PLANET JUPITER. 



TT 

A graphical projection of the values of log. -~ gives d = ft .9705 for the distance 

a, 

from the disc Z at which its illumination is equal to that received from the mean full 
Moon. Substituting d , we may derive from the above, normal values of log. H or 
the logarithms of the quantity of light received from the various phases of the Moon 
at its mean distance from the Earth and Sun, taking the light of the mean full Moon 

as the unit. 

v = 0° Log. H* = — oo 



20 
40 

60 

80 

100 

120 
140 
1.60 

180 



7.224 
8.049 

8.574 
8.974 
9.291 

9.551 
9.769 
9.931 

0.000 



In order to compare these with the results derived from Herschel's observations, we 
must subtract from the logarithms of the Moon's apparent brightness the constant 
3.543, representing the light of the mean full Moon according to his scale, and apply 
the proper corrections for reducing the amount of moonlight on each date to the mean 
distances of the Moon from the Earth and from the Sun. There are not sufficient data, 
precisely at the opposition, among the Cape observations, for a direct calculation of 
this constant, but it may be inferred from the whole series of their differences * from 
log. H . 

The comparisons which may be used for this purpose are as follows : — 





Log. Ha. 


Cape Obs. 


Diff. 


Wt 


102?2 


9.324 


9.368 


— 0.044 


7 


121.7 


9.574 


9.560 


+ 0.014 


8 


131.3 


9.681 


9.711 


+ 0.030 


9 


135.7 


9.724 


9.725 


— 0.001 


9 


143.7 


9.805 


9.778 


+ 0.027 


10 


158.7 


9.920 


9.868 


+ 0.052 


13 


167.0 


9.964 


9.991 


— 0.027 


6 


179.3 


0.000 


0.157 


— 0.157 


2 



* Results of Astronomical Observations, Cape of Good Hope, p. 367. 
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With the exception of the last, which depends, as has already been remarked, upon 
an isolated observation, made with the sky partially clouded, there is a satisfactory 
agreement between the two series. It will be interesting to compare with the above 
results from observation the following values furnished by the formulae of Lambert 
and Euler, and the empirical formula (22), which, as we have seen, represents the 
changes from the half to full Moon with tolerable precision. 







Lambert. 


EtTLEE. 






Obs'd log. H . 


sin. v — v cos v 

Log. . 

sin. vq — vo cob.Vq 


Log. sin. 2 - v. 


Log. sin. 6 - v. 


: 


— OO 


OO 


— OO 


— OO 


20 


7.224 


7.653 


8.749 


5.438 


40 


8.049 


8.536 


9.068 


7.204 


60 


8.574 


9.037 


9.398 


8.194 


80 


8.974 


9.374 


9.616 


8.848 


100 


9.291 


9.613 


9.768 


9.305 


120 


9.551 


9.785 


9.875 


9.625 


140 


9.769 


9.903 


9.946 


9.838 


160 


9.931 


9.975 


9.987 


9-960 


180 


0.000 


0.000 


0.000 


0.000 



It is plain that neither of the theoretical expressions accords with the observations, 
though the last is barely tolerable between v = 90° and v = 180°. Lambert's, which 
succeeds better in the whole range from new Moon to full, still makes the half-Moon 
from two to three times too bright. And if his theory is true for most opaque sub- 
stances, it would seem, as has been already remarked, that, in the disposition of the 
asperities which reflect the sunlight from its surface, the Moon has a peculiar con- 
stitution. This, too, is indicated in the fact, that the borders of the full Moon are 
disproportionately bright, contrasted with the centre. It deserves attention, in con- 
nection with the subject, that Secchi* has noticed a peculiarity in the polarization of 
moonlight, which he compares to that observed in reflection from glass-paper. It may 
be worth while to notice, too, that the Moon is little if at all exposed to the disinte- 
grating action of water or of an atmosphere ; hence it is not unlikely that its surface, 
instead of presenting the dull, weather-worn aspect of the Earth, may rather resemble 
that of bright, fresh-fractured rocks, with their usual crystalline lustre, and that this 
condition may contribute to the appearances in question. 

The quantity of light received from Venus, when at the distance = 1.000 from the 

* Monthly Notices Astr. Soc, Vol. XX. p. 70. 
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Earth, and having the phase corresponding to v' = 111°.2, according to the foregoing 
observations, is equal to that of the lamp with the aperture Z, at a distance d' = 
41.40 feet. That received from Jupiter, if we omit the observation on April 2d, for 
the reason assigned in the notes, with a phase corresponding to v" — 169°.l, is equal to 
that of the lamp with the same aperture at a distance d" = 78.52 feet. We also have, 
for the distance from Z at which the Moon, similarly phased, is equally bright with 
the lamp, 

o ft- 

v = 111.2 d = 1.826 

v = 169.1 d = 0.994 

Hence we shall have the following results : — 

o 
For the Moon, at its mean distance from Earth and Sun, its phase corresponding to . . v = 111.2 

And for Venus at a distance from Earth of 1.000, and from the Sun of 0.7233, its phase cor- 
responding to v = 111.2 

Light received from Venus __ d 2 __ 1 
Light received from Moon d n 514 

o 

For the Moon at its mean distance from Earth and Sun, its phase corresponding to . . v = 169.1 

And for Jupiter at a distance from Earth of 4.2028, and from the Sun of 5.2028, its phase 

corresponding to v = 169.1 

Light received from Jupiter 1 



Light received from Moon 6240 

If the light of Jupiter be increased by the correction of its phase to a complete illu- 
mination, or by the formula (30) in the ratio ^aao' and that of the Moon in the ratio 
1^-. in accordance with the curve representing the values of H , we shall have, 

Jupiter at mean opposition 1 



(33) 



Mean full Moon 6430 



Seidel has compared the light of Venus and of Jupiter with particular care, by 
means of a Steinheil photometer; correcting that of Venus to its epoch of greatest 
brightness, which he assumes to be when its distance from the Earth is A' — 0.53944 
and v' = 76° 13'.5, he finds,* 

Venus at greatest brightness _ 
Jupiter at mean opposition 

* Untersuchungen tiber die Lichtstarke der Planeten Venus, Mars, Jupiter, und Saturn, p. 34. 
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To reduce our results to the same epoch, we have for the change of phase and dis- 
tance from the Earth, using Lambert's formula, 



Venus at A' = 0.5394 r> = 0.7233 

Log. = o.loi). 

8 Venus at A' = 1.0000 r' = 0.7233 



We have also, 



Venus at A' = 1.0000, r 1 = 0.7233, v' = 111°.2 , d" 2 

Log. = log. — = 0.556, 

5 Jupiter at A" = 4.2028, r" = 5.2028, v" = 169M 8 d' 2 

which must be diminished by 0.008, to refer the phase of Jupiter to the opposition 
value, v = 180° ; hence, 

Venus at greatest brightness = 0>556 Q ^ _ Qm = Qm . 
Jupiter at mean opposition 

differing from Seidel's by only 0.013. The agreement is the more satisfactory, on 
account of the dissimilarity of the methods used. 

In Herschel's "Outlines of Astronomy"* the mean quantity of light sent to the 
Earth by the full Moon is stated to exceed that sent by a Centauri in the proportion 
27408 to 1. This is the result of eleven comparisons made at the Cape of Good- Hope 
after correction for the amount lost by transmission through the photometer; the high 
altitude of the Moon makes the correction for atmospheric extinction scarcely sensible. 
As Herschel has apparently used the formula 

TIT r » A » • 2 1 

M, = — — - sin. - V 
1 r 3 *? 2 

to reduce the moonlight at the several phases to the mean full Moon, in order to find 
the above proportion when this reduction is accomplished by means of the formula (29), 
I have computed the following quantities for the eleven dates of observation : — 

Mean value log. M t = 9.962 
" " B, = 9.769 

r 5 A 8 

« « iir? = 0.026 

r A 2 

" « c = 0.012 

where s represents the correction for extinction. We shall then have 

* « Outlines," (817). 
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Log. Mean f " U M °° n = log. [27408] + 9.962 — 9.769 — 0.026 + 0.012 = 4.617. 
« Centauri 

Hence, if we adopt the expression (29), and the values of H determined from 
observation, Herschel's result becomes, 

a Centauri 1 



mean lull moon 414UU 

According to Seidel, the logarithm of the ratio between the light of Jupiter 
mean opposition and a Lyrse is,* 



opposition 

_ Jupiter at mean opposition . „, „ 

Log. — £ — = 0.916. 

« Lyra 

determinations furnish the 



at its 



Herschel's and Seidel's photometric 

Hebschel. 

T Sirius 

Log. — ; = 0.620 

a Centauri 

Bigel 

« ——5 ; = 9.820 

a Centauri 

Spica „ ... 

" — — " , = 9.494 

a Centauri 

« Fomalhaut = 9.420 
a Centauri 

« a M^ = 9.544 
a Centauri 



following numbers : •)" - 
Seidel. 



0.621 



T Sirius 

Log. — 

a -Lyrse 

« *^*- =9.989 
a Lyrse 

Spica 

« ~ = 9.681 

a Lyra 

Fomalhaut 

« — = 9.526 

a Lyrse 

« " Aquil g =9.681 
a Lyrse 



whence we obtain: 



Sirius , _ « Centauri a Centauri 

Log. — X —^r~. = log. — = 0.001 

a Lyrse Sinus a Lyra? 

Rigel a Centauri „ „„ 

« — -a— X p . - = " = 0.169 

a Lyrse Kigel 

Spica a Centauri 

« — £ X — 7T~. = ' « = 0.187 

a Lyrse Spica 

Fomalhaut « Centauri „ „ 

" X = = 0.106 

a Lyrse Fomalhaut 

(( « Aqnilse ^ « Centauri = a = Q ^ 

a Lyrse « Aquilse 



* Untersuchungen iiber die Lichtstarke der Planeten V'enus, Mars, Jupiter, und Saturn, p. 34. 
t Ibid., p. 31. 
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Taking the mean, we have 

« Centauri 

Log. = 0.120. 

a Lyra? 

Hence, from Herschel's observations of the Moon, according to the above reduction, 

Jupiter at mean opposition a Centauri Jupiter « Lyrse 1 

Mean full Moon Moon a Lyrae « Centauri 6620 ' 

Considering the number of intermediate steps required in effecting the comparison 
of the original data, this confirmation of the value before given in (33), viz. : 

Jupiter at mean opposition _ 1 
Mean full Moon — 6430' 

is entirely satisfactory. 
If we make in (13), 

— = sin. 15 34.67 = sin. Moon's semidiameter at its mean distance from the Earth, 

A 

— = sin. 8.67 = sin. Venus's semidiameter at the distance 1.0000 " " 

A' 

^ = sin. 22.77 = sin. Jupiter's " " 4.2028 " 

R 1.0000 , , ,, 

, for the Moon, 



r 1.0000 

R 1.0000 



r' 0.7233 

R 1.0000 

~r" " 5.2028 



, for Venus, 
, for Jupiter, 



the amount of light received at the Earth, compared with sunlight, will be, 





f di' 0p Light of Moon 
dL~ 194810 "" Light of Sun' 


u < 


u &' /*' Light of Venus 




~ 1 184 400 000 ~ Light of Sun ' 




u 6" fi" Light of Jupiter 




^ — 8 884 600 000 ~ Light of Sun 


Hence at the Earth, 




VOL. VIII. 


34 
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(35) 



Light of Venus 
Light of Moon 

Light of Jupiter 
Light of Moon 



1 &_ pJ_ 

6080 & it 

1 6^ /^ 

45610 O fi 



But according to observation, we have in (31) and (32), 

Light of Venus at the phase v' = 111°.2 _ 1 

Light of Moon at the phase v = 111°.2 _ 514 ' 

Light of Jupiter at the phase v" = 169°.l 1 

Light of Moon at the phase v — 169°.l — 6240 ' 



and from (35), 
(36) 






0'forz>' =111°.2 



11.83 fort; = 
1 0"for«/' : 



111°.2 
;160°.l 



7.31 iorv = 169°.l 



Venus and Moon, 



Jupiter and Moon. 



If we suppose the surfaces of these bodies to absorb different proportions of the 
whole incident sunlight, while the light reflected by each is dispersed symmetrically in 
different directions, we should have, 



(37) 



0' = when v' = v, 

0" = " v" = V. 



This would apply for Lambert's or Euler's formula, or for any other of a general 
nature, when the special constitution of each reflecting body is not taken into account. 
The substitution of 











= 1, 



in (36), would thus give, 



l 



(38) 



^' 11.83 

M_ L_ 

u" "" 7.31 



Venus and Moon, v = 111°.2, 
Jupiter " v = 169M. 



Owing to its situation in the solar system, Venus can afford reliable photometric 
observations only when near its position of greatest brightness, being then at a little 
less than the half-Moon phase, while that of Jupiter is always nearly full. If, how- 
ever, we suppose the light of the two planets to be distributed agreeably to Lambert's 
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theory, and if we reduce the phases of the Moon to full, by means of the proportions 
derived from observation, and given on p. 256, we have, 

_ ©for V =180°.0 for « = 180°.0 

Log. = 0.548, Log. — — = 0.021, 

B for v = 111°.2 s for v = 169M 

_ 0' for v> = 180°.0 A „ a ^ 0"for^ = 18O°.O 

Log. = 0.284, Log. = 0.008 ; 

e 0'for*/=lll°.2 & 0"fort>" = 169°.l 



Venus and Moon, full phase, 
Jupiter and Moon, " 



and thence, 






P _ 1 ©„' 




/•' 6.441 O 


(39) 






/» ! e »" 




,»" 7.094 O 



where O , O ' , O " represent the values of for each body when full phased. 

That Venus and Jupiter very much exceed the Moon in their capacity for reflecting 
light, is evident from the above. It would seem, moreover, that in this respect Venus 
nearly resembles Jupiter, provided that Lambert's reduction for phase is applicable ; it 
is, perhaps, questionable whether this can be admitted. 

Seidel* has collected and discussed with great care a very large number of photo- 
metric comparisons of Venus and Jupiter, and has deduced for ratio of their respec- 
tive albedos, 

-£— = 0.958. 
m" 

Our results, if we adopt the numbers in (39), give 

-4- = 0.908. 

Both depend on Lambert's phase-correction ; -but since they have been obtained at 
nearly the same average relative position of the Earth, Sun, and planets, the agreement 
proves little, as regards the question of the reliability of the phase-correction. The 
uncertainty, however, does not admit of remedy, for although Venus, like the Moon, 
presents itself successively in every phase, it is only when at a considerable angular 
distance from the Sun that it can be well observed. Its low altitude, and the strong 
twilight surrounding it, throw a doubt over all evening or morning observations made 
in the neighborhood of either conjunction with the Sun ; but the fact of its being visible 

* Untersuchungen iiber die Lichtstarke der Planeten Venus, Mars, Jupiter, und Saturn, p. 52. 
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on the very day of inferior conjunction, as a narrow crescent, distant but 5° or 6°, or 
even less, from the Sun, notwithstanding the intense illumination of the sky, is evi- 
dence of a notable deviation from Lambert's theory ; for in this situation, not only is 
the illuminated area exceedingly small, but its light, according to that theory, will be 
intrinsically fainter than in other positions. The reason of this discrepancy is plainly 
because the theory does not take into account the light regularly reflected, which is 
considerable, even for opaque bodies, when the angle of incidence and of reflection is 
small. If the surface of Venus were polished, it would be, when distant 7|° from its 
inferior conjunction with the Sun, nearly six times brighter than at its greatest elonga- 
tion ; on the other hand, if opaque, by Lambert's formula, it would be above eighty 
times fainter, which is altogether at variance with observation.* It may be inferred, 
as a consequence of this deviation from the theory, supposed to be due to a tendency 
to a regular reflection, that the albedo of Venus, computed from observations about the 
time of greatest brilliancy, and especially as it approached its inferior conjunction, will 
be too large, that is, it will exceed its average value in other positions. 

For the purpose of finding the value of ft for the Moon, if we suppose an element 
de presented perpendicularly to its rays, the quantity of moonlight incident upon it 
will be, as in (24), 

di> = °JfJ £ l e . 

16tt r» A s 

The whole quantity incident upon the concave surface of a sphere, having a radius 
a, and circumscribed about the Moon as a centre, will be represented by 

fdi'= ±1 JL f e de. 
But if the Moon everywhere shone with its full phase, the total light would be 

Since H = — and / & de = 4 ir a 2 o , we have, 

(m * = A fH.de. 

By means of the table of values of log. H , given on page 256, we may compute the 

* During the total eclipse of the Sun, July 18, 1861, Venus, being then at its inferior conjunction, was seen 
by Bruhns with the naked eye, and was considerably brighter than Jupiter. Astr. Nach. 1292, p. 312. 
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value of f H Q de, extending the integration so as to include the whole surface of the 
circumscribed sphere of which d e is an element ; we then have, 

fffode =f" 2 57 A 2 Hv An.vdv = 0.463 X 2 n A 8 , 
so that from (40) 

(41) *' = 0.232 t„' ; 

from which it appears that the whole amount of light reflected from the Moon is 
about one fourth as much as if it shone in all directions with the full phase. 
The quantity of sunlight incident on the Moon is, by (10), 

' i-ljL. 

4 r 

and from (41), 

(42) t = 0.232 X 4 -^ 4 • 



If the light of the full Moon, incident perpendicularly at the Earth, upon an element 
of surface ^ at the distance a from it, is to the light of the Sun upon the same ele- 
ment at the distance r, as 1 : 8, we shall have, 



(43) 

and by substitution in (42), 



j_ A 2 



(44) 4 = 0.928 — — , 

in which we may make 

*. = ( ' Y = —i = 48700 ; 

p* Vsin. Moon's semidiameter/ sin.* 934".67 

and (44) becomes, 

,._. Amount of light reflected from the Moon i' 45193 

Amount of light incident upon the Moon i S 

Hence, by (4), the albedo of the Moon will be 

45193 
(46) * = -y- • 

It is a matter of much difficulty to ascertain S from observation, on account of the 
strong contrast between the intensity of sunlight and moonlight, and the want of a 
reliable constant light of the proper color, to which both may be referred. The obser- 
vations of Bouguer and Wollaston are notably inconsistent ; the mean between them 
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makes the Sun about Jive hundred and fifty thousand times brighter than the full Moon,* 

in which case 

1 
* = n . 

If the whole quantity of sunlight reflected by the Moon, which is ji i, were dispersed 
from it as if it were a polished sphere, — that is, equally in all directions, — the 
amount of moonlight incident upon d e would be 

pi de i' de 





4 


71 A 2 "' 


4:7T A 2 


but the actual amount incident 


upon 


de is 




(47) 




So V 

4,77 


' de 
A 2 ' 



and therefore, since, from the definition on p. 233, & is the ratio of these two quantities, 

(48) = H„ ± . 

i ' 1 

Hence, using from (41) -7 = q^ for the Moon, 

C = 4.31 H„ for the Moon, 

(49) < & = 2.67 JT < for Venus, 

( &'=. 2.67 ff " for Jupiter, 

and for the two latter assuming, as in (15), 

TTI „.. sin. v — v cos. v 






jr 


8 


sin. v — v cos. v 


3 


> 

7T 




©„" 1 

0o 1.616 




M _ 1 



fi" 11.47 ' 

which are, perhaps, the most reliable values which the data in our possession will 
furnish. 

* For a new determination of this ratio, giving S = 470980 and /* = — > the reader is referred to a me- 
moir in a subsequent part of this volume. 
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If the value /& = — be adopted, the albedos of Venus and Jupiter will be nearly 
= 1, which can scarcely be true, since in this case the planets must reflect the whole 
light incident upon them, while the whitest substances known on the Earth reflect less 
than one half of the incident light.* As regards Venus, we have mentioned reasons to 
show that a tendency to a regular reflection of sunlight from its surface may possibly 
explain its excess of brightness ; but the case is quite otherwise with Jupiter, for here 
the planet is presented nearly at full phase, and in this position the quantity of light 
reflected from an opaque globe should be at least twice as great as from one of equal 
albedo reflecting regularly. Moreover, it is quite certain that the disc of Jupiter pre- 
sents gradations of brightness from its centre to the circumference, conforming suffi- 
ciently well with Lambert's theory, and this circumstance gives additional confidence 
in the use made of his formula in obtaining the result before us. 

As the foregoing calculations cannot be readily followed through their details, and 
on this account may be open to some doubt as to their correctness, the following ex- 
periments of a different kind, though less precise, will be useful in confirming the 
results which have been obtained. 

The light from a small area of the Moon was compared with that of Jupiter by 
receiving the pencil from the focus of the object-glass of the 23-foot refractor upon a 
screen, or upon the silvered glass globe B%, described on p. 247, equalizing each in turn 
with the image of the light of a lamp provided with a diaphragm, and placed at a 
suitable distance. The relative brightness of the images reflected from the globe was 
easily varied by moving it towards or away from the focus of the telescope. The min- 
utes of some other comparisons, principally relating to the absorption of the light of 
Jupiter by colored glass screens, are also added. 

1860, March 2d. Clear. Moon 4^ days before full (v = 119°) compared with Ju- 
piter. Both near the meridian and at the same altitude. A brass diaphragm plate 
having a hole with an aperture of in .0425, admitting a pencil of light 32".47 in diam- 
eter, was placed in the focus of the object-glass of the 23-foot refractor, and the tele- 
scope, with its aperture of 14 in .94, was directed alternately upon Jupiter and the Moon; 
the image of a disc of each "object subtending the above-named angle was received, 
without the intervention of any eye-piece, upon a screen of black book-binder's muslin 
fastened to a square of pasteboard, and washed with a thin shade of indigo to destroy 
the gloss, and give a dead blue-black surface. The screen was moved from the focus 
until the light of the image projected upon it could just be discerned; its distance from 
the focus was then noted, its position being fixed by three observers. 

* Beer, Grundriss des Phot. Cal., p. 70. 
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The telescope was kept in motion by the driving clock during the intervals of obser- 
vation. ft . 

Jupiter, Screen to focus, 3.0 

" " " 3.5 

Telescope directed to the Moon and set so that the focus-aperture included a region 
south of the Mare Fecunditatis, thought to be as bright as the average of the brighter 

parts of the Moon. 

S. of Mare Fecunditatis, Screen to focus, 3.83 

Brighter region, " " 4.33 

Dark — Mare Crisium, u " 3.33 

Near Mare Crisium, a little north of it, considered to be as bright as any part of 

the Moon. ft . 

N. of Mare Crisium, Screen to focus, 4.50 

Jupiter, " " 3.67 

" " " 3.67 

The surrounding illumination was the same for both objects in the above experiments. 

Subsequently the same diaphragm was placed in the focus of an eye-piece having a 
power of 206, and the planet and a disc of the Moon of equal angular diameter were 
compared by the eye alternately. It was evident that the color of the two was nearly 
similar, and that, while the intensity of the Moon's most brightly illuminated region 
exceeded that of the planet, the brighter Seas were about equal to it, and some 
were darker. 

The brighter parts of the Moon selected for the above comparisons were near the 
selenographic meridian passing through the Sun, and were therefore illuminated at the 
maximum angle of incidence. 

1860, March 15th. 8 h to 10\ m. s. t. Fine clear sky. Cloudless and calm. 

Examined Jupiter at a high altitude near the meridian, with screen glasses of differ- 
ent tints interposed between the eye and the eye-piece of the 23-foot refractor, full 
aperture. Power, 206. Focus aperture as above, 32".47. It was proposed at some 
future time to employ the same screens upon the Sun and Moon. 

After keeping the eye in a dark room for several minutes, the light of the planet 
could be discerned with ease through screen-glasses D and E, both deep red ; certainly, 
but not always without some difficulty, through A -\- M, A a steel blue, dense, 
and M a thin glass, tint of Madeira wine. B and C, both bluish, admitted glimpses, 
but not with entire certainty. 

1860, March 16th. 7" 30 m to 8 h 30 m , Sid. time. Fine clear sky. Eye-piece, focus 
aperture, &c, as on 15th. 
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Jupiter near the meridian, viewed with colored screens, A, B, and C, of different 
densities, but. same tint, bluish. E, dense, full red. F, yellow, with tinge of green, 
dense. G, dense blue. K, yellowish red or orange, thin. L, indigo, thin. 

Jupiter, near meridian, seen plainly with A ; just discerned with entire certainty 
through A -j- K and A -4- L. Easily with F and G, though they would not bear 
much increase of density. E comes nearest to cutting off the whole light, but it is 
still plainly seen, and the red tinge is evident, which would not be the case if the 
light were of the last degree of faintness. The centre of the planet was placed, as 
usual, at the centre of the focus aperture, and the telescope kept in motion by the 
driving clock. The word " Astronomy " on the title-page of Herschel's " Outlines " 
could be read by the light of Sirius near the focus. 

1860, March 19th. 7 h 9 m , Sid. time. Not perfectly clear. Same adjustment as 
on previous nights. Ee-examined light of Jupiter with screen A -j- K. Seen dis- 
tinctly, though not without difficulty. With E, a decided red tint is distinguished. 
Observations repeated at 9 h 30 m , Sid. time. 

1860, March 23d. 9 h , m. s. t. Perfectly clear. Adjustments as usual. Jupiter ex- 
amined with screens A -f- K and E, for comparison with experiments elsewhere 
narrated. 

1860, March 24th. 7 h 15 m to 7 h 40 m , Sid time. Moon two days old, near Venus. 
Aperture 14 in .94. 

Moon seen with difficulty, though certainly with E, but not with A -J- K, taking 
the average of the brightest fifth part of the illuminated surface. 

Reduced the aperture to 2 ln .5, and set upon Venus, at 7 h 40 m , Sid. time. The planet 
was not visible at all with E. Perhaps discerned with A -4- K. Two hours later, 
Jupiter, with full aperture, showed a strong red with E. 

The eye-piece having been removed, the light of Jupiter transmitted by the object- 
glass was compared with the lamp S, diaphragm Z, by means of the photometer as 
described on p. 247. 

h in 

9 41 Sid. time. 



10 9 " 

vol. viii. 35 



Centre of bulb 


to 


focus, 


ft. in. 

5 0.7 


» 


u 




4 1.0 


U 


a 




4 2.0 


LL 


ll 




4 4.7 


ll 


u 




4 4.7 


a 


a 




4 11.7 



To lamp, 


ft. 

22 


in. 

1.0 


U 


22 


1.0 


ll 


22 


4.8 


u 


22 


4.8 


u 


23 


1.0 


LL 


26 


11.0 
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Applied a new diaphragm to the lamp. Aperture in .021. 



h m 

10 39 



ft. in. 

Centre of bulb to focus, 8 7.9 
« " 8 11.0 



ft. in. 

To lamp, 22 8.0 
« 23 0.0 



1860, March 27th. Adjustments and lamp as on March 24th. 



9 59 Sid. time. 
10 3 « 



Centre of bulb to focus, 3.70 
" " 3.60 



To lamp, 25.80 
" 25.80 



1860, March 30th. A thin, red haze in the sky. Moon 8i days old (v = 99°) 
and distant but a few degrees from Jupiter. 23-foot refractor, with aperture 14 in .94 set 
on the planet ; eye-piece removed, and the focal image (without diaphragm), compared 
with lamp S, aperture Z, by means of the photometer bulb. 



8 41 Sid. time. 
8 45 

8 48 " 

8 54 " 



Jupiter. 



Centre of bulb to focus, 


2.75 


To lamp, 


19.5 


« « 


2.45 


« 


19.5 


If u 


2.53 


u 


19.5 


U it 


2.60 


u 


19.5 



Focus diaphragm applied, admitting pencil from Moon, 32".47 diameter. 



Bright part of Moon, south of Mare Crisium. 

( Centre of southern half of Mare Crisium. ) 
| Sun's alt. 75°. j 

Brightest part, where Sun is vertical. 

( Dark part of Mare TranquiUitatis, 3' or 4' ~\ 
< from Mare Crisium in a line towards the >■ 
( centre of Moon. Sun's alt. 50°. ) 

( Brightest part as it appears to the naked ) 
( eye, north of Mare Crisium. ) 

Near centre, 1' from dark edge. 

A smooth area 30" from dark edge, not 
specially brighter than other parts simi- 
larly situated. 



9 4 


Sid. time. 


9 12 


u 


9 16 


u 


9 19 


u 


9 26 


It 


9 34 


u 



9 39 



to focus, 2.90 


To 


lamp, 18.0 


" 2.42 




17.5 


2.95 




'« 16.2 


2.43 




" 18.0 


" 2.70 




« 14.2 


" 1.10 




20.3 


« 0.95 




« 9!<V3 



The haze in the air probably obstructed a sensible amount of light, but as the ob- 
jects were near each other, and at a high altitude, it is likely that the relative quan- 
tities of light will be correctly given. 

As the focus diaphragm was not used on this occasion for the planet, it was thought 
advisable to try whether the diffused illumination of the Earth's atmosphere by moon- 
light was sufficient to affect the experiments, but no image from the sky alone could be 
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distinguished on the bulb, when placed at the distance of two or three feet from the 
focus. 
Removed focus diaphragm and returned to Jupiter without altering lamp. 



Jupiter. 



9 46 


Sid. time 


9 49 


a 


9 55 


u 


10 


a 


10 4 


a 



Bulb to focus, 


ft. 

2.60 


To 


lamp, 


ft. 

21.70 


a 


2.90 




a 


21.70 


a 


1.24 




« 


10.74 


ll 


1.50 




u 


10.96 


it 


1.45 




a 


11.00 



1860, April 2d. Quite clear. No clouds seen through the evening. Moon 2| days 
from full (v = 141°). For Jupiter, the focal image, without diaphragm, was used. 



9 


n 

17 


9 


29 


9 


34 


9 


42 


9 


48 


10 


9 


10 


15 


10 


29 


10 


33 



Sid. time. 



Jupiter. 



Bulb to focus, 


3.75 


To lamp 


I. 


Diaphragm Z. 


20.60 


(i 


5.25 


it 


I. 


a 


M. 


23.44 


a 


5.95 


it 


I. 


a 


M. 


23.30 


a 


5.80 


a 


s. 


u 


M. 


23.90 


« 


6.05 


u 


s. 


u 


M. 


24.27 


a 


6.95 


a 


B. 


it 


M. 


24.60 


a 


5.80 


it 


E. 


a 


M. 


20.60 


a 


5.10 


u 


W. 


a 


M. 


21.30 


a 


5.55 


a 


w. 


a 


M. 


23.60 



Set upon Moon. Focus diaphragm 32".47. 



10 47 Sid. time. 



10 54 



11 5 



Moon, brightest part in south- 
ern hemisphere, where Son' 
alt. = 60°. 

Centre of Mare Tranquillitatis, 
in a line between the Crater 
Maskelyne and the Mare Orisi- 
um. Sun's alt. 85°. This is 
the darkest part of the Moon, 
upon which the Sun is shin- 
ing at a high altitude. 

Mare Crisium. Sun's alt. 75°. ' 
1 It is brighter than Mare Tran- . 
' quillitatis. 



h-1 

'1 



Bulb to focus, 5.80 To lamp W. Diaphragm M. 12.70 



6.20 



6.20 



W. 



W. 



M. 19.70 



M. 17.20 



The first series, March 2d, gives the relative quantity of light transmitted to the 
Earth from a circular area of Jupiter, 32".47 in diameter, compared with the light from 
areas subtending the same angle, taken from different parts of the Moon. This pro- 
portion for the brighter regions of the Moon, on which the Sun is shining at a high 
altitude, is 

(-Y— — 

V4.5/ "" 81 ' 
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At the same date, the intensity of sunlight at Jupiter and at the Moon was as 
1 : 27.9. Hence, 

49 27.9 1ftQ 

— X = 16-9 

81 1 

would be the proportion of the albedos of the two surfaces, provided that they received 
and reflected the incident light under similar conditions. This, however, is not the 
case. The area of the Moon, included by the aperture in the focus diaphragm, is so 
small that it may be considered as being illuminated sensibly at the same angle of inci- 
dence throughout. If we take 60° as the mean value of this angle for the parts of the 
Moon compared and regarded at this date as noticeably brighter than the rest, we must 
diminish the above proportion in the ratio sin. 60° : 1, to represent the effect of the 
increased quantity of sunlight which would reach the same surface at perpendicular 
incidence. On the other hand, the aperture admits nearly the whole of the light of 
Jupiter, and the sunlight, on account of the curvature of the surface of the planet, 
being received at very different angles, it should present a gradation in the intensity of 
its light, proceeding from the centre towards the circumference. It is difficult, or 
rather quite impossible, to define precisely the rate of this decrease ; but, from facts 
which will be elsewhere stated, it is certain that its light near the margin is much 
fainter than towards the centre. According to the best estimates which I have been 
able to make, the coefficient to be applied in order to reduce the mean brightness of 
a central disc of Jupiter, 32".47 in diameter, to the mean brightness of the whole disc 
on March 2d, is y^- Again, to reduce the mean brightness of the illuminated hemi- 
sphere to that of the central element presented at right angles to the direction of illu- 

1 
mination, we must apply the coefficient qJq — 1.43. These numbers do not mate- 
rially differ from those which would result from supposing, as Lambert has done, that 
the intensity varies as the sine of the angle of incidence of the sunlight. 

Applying the above, we should have, from the observation of March 2d, a value of 

— which would represent the relative albedo of Jupiter compared with the Moon's 

/* 

brighter regions, if both bodies are supposed to reflect light conformably with the same 

law of dispersive reflection, which, according to Bouguer and Lambert, holds approxi- 
mately for the generality of opaque bodies ; viz. that the quantity of light emitted 
towards a given point from each element is proportional to the solid angle subtended 
at the point by the element. However, we have seen, in the case of the Moon, that it 
has the property of returning an undue amount of light towards the Earth at the time 
of full Moon, which would cause the other phases to appear disproportionately faint. 



ON THE LIGHT OF THE MOON AND OF THE PLANET JUPITER. 273 

This will explain the reason why the relative albedo of Jupiter, obtained after the 
above corrections have been applied, viz. 



V 4.5 / 



\ 2 27.9 1.43 

) S i n . 60" = 15.8 

4.5 / 1 1.32 



the Moon being 61° from opposition (v = 119°), is larger than that given in (51). 

The latter is certainly to be preferred, because it is a result depending on the average 

of the whole illuminated surface of the Moon, seen under various phases, while the 

former relates to but one or two isolated points of a single phase. 

Perhaps the most probable correction which we can adopt, to refer the partial and 

incomplete result derived from any single phase to the more general condition, is to 

JJ i 

apply the coefficient -y- = p™, taken from the table on page 257, L being the value 

of H according to Lambert's formula. We then have, 



or 



/ 3.5 V 27.9 1.43 ZT, . M 

I ) . . . _! gin. 60 = 9.2, 

V 4.5 / 1 1.32 L 



u. 1 

—r, = — for the brightest parts of the Moon: 
/* 9.0 



and in the same way, 



n l 

— = — for the darker regions having the Sun at high altitude. 

The corrections due to the phase of Jupiter and to the difference of extinction are 
not appreciable. Proceeding in a similar manner, we may reduce the observations on 
other dates, noticing the changes required when the light from the whole disc of the 
planet has been admitted. 

On March 30th, we have, for the logarithm of the ratio of the brightness of the 
focal image of Jupiter compared with the lamp, taking the mean of the observations, 

Log. Jup^er= 8.227, 
-Lamp 

and for the portion of the bright parts of the Moon admitted by the aperture in the 
focus diaphragm, 

Log. ^L = 8.540. 
Lamp 

The coefficients for the several corrections will be 
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Brightness of central element of Jupiter 



Average brightness of Jupiter 

/ Diameter of aperture = 32".47 \ 2 _1_ 

\ Diameter of Jupiter / 1.36 ' 



r //2 

™ = 27-6, 



from which we shall find 



and similarly, 



v = 99° log. — = 9.674, 



^ = — Brightest parts of the Moon, 



£- = — Mare Orisium, 
ft" 12 



£- = — Mare TranquiUitatis. 
I»" 10 



April 2d. The comparisons with lamp W, diaphragm M, give, 

Jupiter = 
6 Lamp 

Log .Moon = 
° Lamp 

for the brightest part of the Moon ; 

Brightness of central element of Jupiter 

Average brightness of Jupiter ' 

(Diameter of aperture = 32".47 \« 1 

Diameter of Jupiter / ~ 1.35' 

Correction for relative extinction = 1.04, 

J? 2 

pa = 27 - 6 > 

v == 141° log. — = 9.871 ; 



and thence, 



M l 

— — = — Brightest part of Moon. 

f* 5 



The other comparisons give 
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— = — Mare Tranquittitatis, 

^— = — Mare Crisium; 
/*" 9 



or if the reductions are made by Lambert's theory, 

!-j- = — Brightest part of Moon, 

!-jj- = — Mare Tranquittitatis, 

£-r = — Mare Crisium. 
/*" 13 

Neither of the two methods adopted in these reductions can claim much confidence, 
since we know so little of the nature of the reflecting surfaces ; however, the fact of the 
greatly superior albedo of Jupiter is satisfactorily established, each substantially con- 
firming the result first obtained. 

If now we return to the photographic experiments, we find for the ratio of the chem- 
ical albedo, so to speak, of the two bodies, 

Average chemical intensity of Full Moon 1 

Average chemical intensity of Jupiter 9 

If we assume a similar distribution of the chemical and optical rays at the different 
phases, we may apply the coefficient 

W __ 1 
©o 1.616 ' 

as in (51). We then have 

Chemical albedo of Moon 1 



Chemical albedo of Jupiter 14 ' 
agreeing quite as well as could have been anticipated with (51), viz. : 

Optical albedo of Moon 1 

Optical albedo of Jupiter 11.47 " 

The most satisfactory estimate of the degree of whiteness of the Moon's surface, com- 
pared with objects on the Earth, is contained in the following statement by Sir John 
Herschel. 
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" The actual illumination of the lunar surface is not much superior to that of weath- 
ered sandstone rock in full sunshine. I have frequently compared the Moon, setting 
behind the gray, perpendicular facade of the Table Mountain, illuminated by the Sun 
just risen in the opposite quarter of the horizon, when it has scarcely been distinguish- 
able in brightness from the rock in contact with it. The Sun and Moon being nearly 
at equal altitudes and the atmosphere perfectly free from cloud or vapor, its effect is 
alike on both luminaries." * 

These observations acquire more weight from the circumstance that the light from a 
distant and elevated object, like the top of a mountain viewed in the same range 
with the Moon, is modified by aerial perspective, so that the two have a similar 
quality of tone, and may be compared, in regard to their relative brightness, with 
greater confidence than if one were close at hand, and the other distant. This will 
be best recognized in attempting, in the daytime, to compare the light of an opaque 
object, held not far from the eye, with the Moon ; the latter, owing to the intervening 
atmosphere, has a shadowy, unsubstantial look, which makes it very difficult to esti- 
mate the intensity of its light. In Herschel's experiment, the mountain summit (if 
the observation was made from Feldhausen, as was probably the case) must have been 
some miles distant, and high enough to rise well into a pure atmosphere. The Moon 
at the time was a day or two past the full. 

We may infer, then, that there is no marked deficiency in the Moon, contrasted with 
the Earth, as to its capacity for reflection, since the "gray weathered sandstone" of 
the top of Table Mountain would not, in this respect, be an inadequate representative 
of the Earth's general surface. 

The following experiments relate to the determination of the relative albedo of Jupi- 
ter, and different objects on the Earth. 

1860, March 17th. h 30 m , m. s. t. A thin haze in the sky. Observations were 
made in the clear intervals. The 23-foot refractor, aperture of object-glass reduced to 9 
inches, was pointed at the side of a brick building, presented at right angles and distant 
2£ miles, on which the Sun was shining at an angle of incidence = 50° (the angle which 
a line directed to the Sun makes with the plane of the face of the wall). With the 
same power and focal diaphragm employed in viewing Jupiter, March 15th,16th, 19th, 
&c, the light reflected from the brick wall could just be discerned through the screen- 
glasses A -j- if, the eye having been protected from daylight for about half an hour. 

After applying corrections similar to those employed in reducing the comparisons be- 
tween Jupiter and the Moon, and allowing for the difference of aperture of the object- 
glass, we find, 

* Outlines of Astronomy, (417), note, p. 272. 
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Albedo of brick-work 1 

Albedo of Jupiter, central element 8 

This is not entitled to much confidence for several reasons, but especially on account 
of the difference in color. The side of the house was also strongly illuminated by light 
reflected from surrounding objects, by which its brightness must have been considerably 
increased ; the illumination of the atmosphere intervening would also have a similar 
tendency. Hence it seems probable that the denominator of the fraction expressing the 
relative albedos is too small; the experiment taken in connection with (51) will there- 
fore be in keeping with previous results. 

A distant hill-side of withered grass was not sensibly brighter than the bricks ; a 
tract of woodland, without leaves, was darker. The brick was supposed to reflect about 
one fifth as much light as an equal surface of pure white paper. 

1860, March 19. h 30 m to l h m , m. s. t. Clear, with haze near horizon. The 
same adjustments and screen-glasses as were used in viewing Jupiter. 

Repeated comparison with brick wall as on 17th. The image seemed slightly more 
intense than that of Jupiter. 

The side of a wooden house, painted white, and by subsequent trial found to be 
barely distinguishable from the purest white paper, gave, 

Albedo of side of ■white house 1 



Albedo of Jupiter, central element 2 



A variety of objects in the landscape, — fields, bare or covered with withered grass, 
trees, rocks, fences, &c, — in the azimuth opposite to the Sun's, and again nearly in the 
same azimuth with it, gave, 

Albedo of landscape 1 

Albedo of Jupiter 8 

1860, March 23d. l h m. s. t. Sky perfectly clear, — between cumuli. Adjust- 
ments, eye-piece, &c, as usual, but the aperture of the object-glass was reduced until 
the objects viewed through the colored screens were judged to have less brightness 
than Jupiter. From five trials, after applying the proper corrections, I find, 

Albedo of side of white house 1 



Albedo of Jupiter, central element 2.1 



A sheet of white paper placed against the side of the house was found to be a good 
match in point of brightness. A disc of chalk, ground flat and painted with " Flake 
white," was, however, sensibly whiter. 

vol. vin. 36 
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As this was considered the most satisfactory of the trials made with the colored 
screens, the corrections which have been applied in the reductions are here added. 

The intensity of the light of the two objects admitted by the focus diaphragm of 
in .0425 diameter, was judged to be the same when the ratio of the exposed areas of 
the object-glass was 

Area of object-glass for house 



Area of object-glass for Jupiter 



The actual illumination of the side of the house by the direct light of the Sun at an 
incidence angle of 30°, added to the light received by reflection from surrounding ob- 
jects, was estimated, experimentally, to be to the illumination which it would receive 
directly from the Sun, at perpendicular incidence, as 4 to 3 ; and the coefficient f has 
been accordingly applied to the ratio of the areas of the object-glass, so as to refer the 
comparisons to the maximum illumination of the object by direct sunlight. 

For distinct vision of the house, the eye-piece, with the focus diaphragm, was moved 

4 in .4 from the object-glass, contracting the angle subtended by the diaphragm at the 

270.0 1 

object-glass in the proportion ^fij = r~ 01 " 6 • The coefficient for the correction of 

the light of Jupiter for phase is 1.016. The altitude of Jupiter was 67°, and that 

of the Sun 45°. We must apply the coefficient jqj. to reduce the light of the 

planet for atmospheric extinction to the altitude of 45°. The ratio of the intensity of 

sunlight at the Earth and Jupiter is ™ = 27.7. The average brightness of the whole 

disc of Jupiter is less than that of the part included within the diaphragm, in the 

proportion 1 : 1.23. Lastly, the central element of Jupiter, which receives sunlight at 

perpendicular incidence, is brighter than the average of its disc in the proportion 

1.43 : 1. 

We then have 

0.090 X - X — - X 1-016 X — *— X ~ X 1-43 X 27.7 = 2.1 ; 
4 1.016 1.045 1.23 



and therefore 



Albedo of white house _ 1 
Albedo of Jupiter 2.1 



The experiments were continued, and varied in the following way. The daylight 
was excluded from the dome, leaving only the object-glass exposed. The telescope 
being directed upon the object, the eye-piece lenses were removed, the focus diaphragm 
only remaining. The pencil of light admitted by the aperture in the diaphragm was 
then compared with the standard lamps, by equalizing the images of the two reflected 



h m 

2 1 


Sid. time. 


2 9 


a 


2 15 


a 



Bulb to focus, 


a. 

5.85 


« 


5.85 


U 


5.85 


Bulb to focus, 


ft. 
5.85 
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from glass globes, in the manner already described. It will be noticed that the aperture 
of the object-glass of the telescope has no influence in these experiments, and that no 
correction for its absorption is required, the proportion of light extinguished in pass- 
ing through it being the same in all cases. 

1860, March 26th. A fine clear sky. A few cumuli appeared before the close of 
the experiments. Aperture of object-glass, 5 inches. Focus aperture, in .0425 ; angu- 
lar diameter at solar focus, 32".47. 

Telescope directed upon the silvered glass globe _B 2 , diameter 3 in .436, placed at a dis- 
tance of 1336 feet from the object-glass, in a nearly horizontal line, azimuth 10° east 
of north, and the image of the Sun reflected from it, compared with the lamp S, dia- 
phragm Z. 

ft. 

Bulb to lamp S, 8.17 
" 8.13 

'< 8.30 

Lamp I exchanged for S, using same diaphragm. 

h m ft. 

2 25 Sid. time. Bulb to lamp I, 8.30 

2 29 " " 8.70 « 5.85 

Telescope directed to southeast side of a white house, at nearly the same distance and 
azimuth. This side of the house receives the direct sunlight at a small angle of 
incidence. 

h m ft. ft. 

2 43 Sid. time. Bulb to lamp I, 7.73 Bulb to focus, 5.85 

Telescope pointed at the southwest side of the house, on which the direct light of 
the Sun falls at an angle of about 40°. 

h m ft. ft. 

2 52 Sid. time. Bulb to lamp I, 6.17 Bulb to focus, 5.85 

A screen of white paper, painted with " Flake white " and " Chinese white," was 
placed at the same distance, perpendicular to the sunlight. 

h m ft. ft. 

3 2 Sid. time. Bulb to lamp I, 7.06 Bulb to focus, 5.85 
3 5" " 7.30 " 5.85 

Telescope pointed at a mass of trees without leaves, distant about 1000 feet, and 
180° in azimuth from the Sun. 

h m ft. ft. 

3 20 Sid. time. Bulb to lamp I, 13.30 Bulb to focus, 5.85 



Bulb to focus, 


ft. 

5.85 


a 


5.85 


a 


5.85 


Bulb to focus, 


ft. 
5.85 


a 


5.85 


u 


5.85 
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The flames of the lamps were occasionally examined and found in good adjustment. 
The globe B 2 was placed within a hollow tin cone, near its apex. The cone was well 
blackened to cut off dispersed light, and the globe was frequently altered in position 
so as to expose different parts to the Sun. 

1860, March 28th. Sky nearly, though not perfectly clear, especially in the later 
experiments. Adjustments as on 26th. Globe B u in same position. Lamp 8, dia- 
phragm Z. 

h m ft. 

1 4 Sid. time. Bulb to lamp S, 7.70 

14" ' " 7.70 

1 14 « « 8.00 

Aperture changed to 14 in .94. 

h m ft. 

1 34 Sid. time. Bulb to lamp S, 7.80 

7.80 
" 5.05 

Lamp S exchanged to I. 

h m . ft. ft. 

1 44 Sid. time. Bulb to lamp I, 7.45 Bulb to focus, 5.85 

" 7.85 « 5.85 

7.65 « 5.85 

At the same distance, a screen of "Whatman's" drawing-paper painted with 
"Flake white" was set up, perpendicular to the Sun's rays, affording a surface of a 
pure white without gloss, sensibly more brilliant than new-fallen snow. 

h m ft. ft. 

1 59 Sid. time. Bulb to lamp I, 6.40 Bulb to focus, 5.85 

" 6.50 " 5.85 

Silvered globe B 3 , diameter l in .760, placed in the position described above for B 2 . 

h m ft. ft. 

2 19 Sid. time. Bulb to lamp I, 6.08 Bulb to focus, 3.00 

" 5.80 " 2.90 

A screen of black cloth, washed with a thin size of indigo, to destroy the gloss 
and afford a dead blue-black surface, was set up at the same distance. 

h m ft. ft. 

2 39 Sid. time. Bulb to lamp I, 11.10 Bulb to focus, 3.10 

Clouds troublesome. The clear intervals were used. 
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1860, April 7th. Clear. Aperture of object-glass 14 in .94. Compared image of Sun 
reflected from _B 2 , distant as before, 1336 feet, with lamp J, diaphragms Z, M, and X. 

h m ft. ft. 

1 4 Sid. time. Bulb to lamp I, diaphragm Z, 6.90 Bulb to focus, 5.85 

Chalk-ball, G, painted pure flake-white, diameter l in .614, exposed in same position 
to sunlight. It showed a phase like that of the Moon three days from full. 

ft. ft. 

Bulb to lamp I, diaphragm Z, 9.85 Bulb to focus, 5.85 

Lamp diaphragm altered to M. 

ft. ft. 

Bulb to lamp I, diaphragm M, 9.60 Bulb to focus, 5.85 

Silvered globe I? 2 in same position. 



ft. ft. 

Bulb to lamp I, diaphragm M, 6.50 Bulb to focus, 5.85 

Lamp diaphragm altered to X. 

ft. ft. 

Bulb to lamp I, diaphragm X, 20.4 Bulb to focus, 5.85 

h m * 

1 59 Sid. time. " " 20.1 " 5.85 

After applying the necessary corrections, we have the following for the results of the 
comparisons made by means of the lamps. 

1860, March 26th. Southeast side of white house on which direct sunlight falls at 
small incidence. The same correction has been applied to reduce to direct illumination 
by sunlight at perpendicular incidence, that was used on March 23d. 

Albedo of house 1 , _, 

= — , 1 Obs. 

Albedo of Jupiter 2.3 

Southwest side of house. Angle of incidence of sunlight, 40°. 

Albedo of house 1 , _., 

= — , 1 Obs. 

Albedo of Jupiter 1.5 

White paper screen. Angle of incidence of sunlight, 90°. 

Albedo of white paper 1 _ _, 

— ! — = — , 2 Obs. 

Albedo of Jupiter 2.0 
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Trees without foliage. 180° in azimuth from Sun's. 

Albedo of trees 1 _ ~, 

= — , 1 Obs. 

Albedo of Jupiter 7 

1860, March 28th. Screen of white drawing-paper, painted with " Flake white." 

Albedo of white paper 1 

Albedo of Jupiter 1.7 

Screen of black cloth without gloss. 

Albedo of black cloth 1 



1 Obs. 



Albedo of white paper 11 



1 Obs. 



By an experiment subsequently made, (May 11th,) I found for the latter a consider- 
ably less value, viz. : — 

Albedo of black cloth 1 . _, 

= — , 2 Obs. 

Albedo of white paper 17 

The albedo of dark, weather-worn rocks, dry earth, sand, or gravel, I have found to 
be from \ to \ of that of the white paper, or about -^ of that of Jupiter. Referring 
to the numbers given in (51), we are led to the inference that, while the general sur- 
face of the Earth is very much darker than Jupiter, its reflective power nearly resem- 
bles that of the Moon, agreeing with the comparison made by Herschel, before cited. 

According to Lambert, the albedo of the whitest known substance* is 0.423, differ- 
ing but very little from that of the whitest paper, ft = 0.410. 

Olbers f has suggested that fresh-fallen snow may be yet more brilliant ; but, from 
actual comparison, I incline to think that the little difference between them is rather 
in favor of the paper. A very pure surface without gloss may be obtained by grinding 
two pieces of chalk upon each other, and afterwards coating them with " Flake " or 
" Chinese " white ; still the difference between it and thick white paper, similarly 
coated, is but trifling. 

If we suppose the albedo of the paper used in the foregoing experiments to be 
= 0.4, that of Jupiter will be 0.68, or larger by one half than the reflective power of 
the purest white surface that we can produce artificially. 

Further confirmation of these results is much to be desired, especially when we 
bear in mind the unavoidable errors to which the observations are exposed, and the 

* Kremnitz white, a fine white-lead. t Monatliche Correspondenz, Vol. VIII. 
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somewhat precarious nature of the theory which has been adopted for expressing the 
distribution, in various directions, of the light reflected from the planet. 

One such may be derived from Seidel's investigations upon the light of Jupiter com- 
pared with the fixed stars.* 

He has obtained, for the proportion between the light of the Sun and that of 
a Lyrse, using Lambert's formula, 

Log. — = 10.4499 — log. albedo Jupiter. 

a Lyras 

If we employ the values, 

Jupiter at mean opposition 

Log. — ££ = 0.9158, 

a Lyras. 

Jupiter at mean opposition „.,«,„ 

Log. — — = 6.1918, 

6 Mean Full Moon 

the first as deduced by Seidel, and the second taken from (33), we have 

Mean Full Moon . _„,„ 

Log. = 4.7240 ; 

« Lyras 

hence, 

L °g- ™ Ir^; = 5 - 7259 — lo g- /""• 

6 Mean Full Moon 8 ^ 

This gives for the albedo of Jupiter 

„ 532000 

in which, if we substitute 

S - 550000, 

the mean between the values determined by Bouguer and Wollaston, we obtain 

fl" = 0.967. 

Although not much dependence can be placed in the value of 8, f on which this 
determination rests, it deserves attention that the result is of jthe same character with 



* Untersuchungen iiber die Lichtstarke der Planeten Venus, Mars, Jupiter, und Saturn, Miinchen, 1859. 
f The new determination of S, referred to in the note on p. 266, gives /*" = 1.13. 
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those before investigated. Thus all the experiments agree in indicating that the planet 
reflects to the Earth more than twice as much light as would have been expected from 
a priori considerations. The disproportion is the more remarkable on account of the 
bright bands, and especially of the brilliant white spots occasionally seen on the surface 
of Jupiter. From the best estimates which I have been able to make, the whitest bands 
are brighter than the average surface in a proportion larger than 3 : 2. 

This has been ascertained by drawing belts of different intensity upon a sphere held 
at a distance of twelve or fifteen feet from the eye, and, judging of their resemblance 
to the belts upon Jupiter, by viewing the two objects alternately. The contrast of 
tints having been decided upon, the sphere was afterwards compared with paper of dif- 
ferent shades placed at suitable distances from a lamp to give a similar contrast. The 
ratio of the squares of the distances furnished a measure of the quantities of light 
given by each. 

Assuming that the dusky belts, at the time when the comparisons were made, (in 
April, I860,) occupied one fourth of the surface, I have found, 

Albedo of principal dusky belts 1 



Albedo of rest of surface 1.51 

Albedo of actual surface of Jupiter 1 

Albedo of Jupiter if destitute of dark belts 1.13 

The average brilliancy of the surface, exclusive of the dark belts, is about interme- 
diate between the bright and the dark belts ; hence, 

Albedo of narrow, very white belts 

— l.lo X J..OJL = l./U. 

General albedo of whole surface 

From the accounts which many observers have given of the brightness of the white 
faculse, it seems quite possible that their light may be even more than double that of 
the rest of the surface, and that the darker spots are in an equal degree fainter. 

By admitting that Jupiter shines in part by native light, it is of course easy to 
explain its apparent excess of brightness. The planet is probably enveloped in a 
dense mantle of clouds, and we know that in our own atmosphere the luminosity 
of the clouds is a well-established fact. The more brilliant auroral exhibitions, too, 
are unquestionable evidence that the Earth itself shines with a certain amount of 
native light, and to suppose a similar property in Jupiter is introducing no very improb- 
able hypothesis. On the other hand, the phenomena of the transits of the shadows of 
the satellites of Jupiter over its disc show that the greater part, certainly, of the light 



ON THE LIGHT OF THE MOON AND OF THE PLANET JUPITER. 285 

with which it shines is derived from the Sun. These shadows appear dark enough to 
imply a contrast of probably more than 1 to 3 between the areas covered by them and 
the surrounding bright surface upon which they are projected. Discs of shaded paper, 
having to the unassisted eye an angular diameter equal to the visual angle subtended 
by the shadows of the satellites when viewed through the telescope, projected upon a 
background reflecting three times as much light, may be described as " dusky " or 
"dark" in comparison, but scarcely "black," which latter term is not unfrequently 
applied to the appearance of the shadows of the satellites, in telescopes with powers 
sufficient to give to their discs a visual angle of 2' or 3'. 

It cannot, with any degree of probability, be supposed, that, in ascribing this high 
albedo to Jupiter, we have been misled by using Lambert's theory in the reductions, 
for a departure from this theory, as respects the distribution of the light reflected from 
the planet, sufficient to account for a large excess of illumination from the full phase, 
would in all likelihood manifest itself in causing the margin of the disc to appear 
brighter than the centre, just as occurs with the Moon ; but it is certain that the 
margin of Jupiter is much fainter than its centre, the distribution agreeing, in this 
particular, sufficiently well with the results of Lambert's theory. 

This is proved by the changes which the appearance of the satellites, particularly 
the third, undergoes, as they transit the disc. The third satellite has been repeatedly 
seen as a " dark " or " black " spot projected upon the white surface of the planet ; when, 
however, the entire transit is observed, it is always seen to enter upon the planet as a 
small white disc on a darker ground ; very soon its brilliancy fades, and it is lost to 
sight, presently reappearing, farther advanced in its transit, as a dark or black spot, 
and continuing under this aspect until it has accomplished perhaps three fourths of 
its journey, when it again repeats, in reverse order, the changes attending the entrance, 
and before its final egress it is white once more. 

The most curious phenomenon exhibited by the satellite under these circumstances 
is that in its central position it should become so dark as not to be distinguishable in 
blackness from its own shadow projected side by side with it. * 

The explanation commonly offered of this singular phenomenon, viz. that there are 
large spots upon the satellites which become visible when projected upon a bright back- 

* From observations made with the great refractor of the Observatory on a great number of occasions 
during the past twelve years, it seems that the above or analogous changes of aspect are always presented by 
the third and fourth satellites in their transits. The first and second satellites either disappear if projected on 
dark belts, or if on white ones they become dark or dusky spots, though invariably of a brilliant white when 
close to the margin. 

vol. viii. 37 
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ground, is an error ; for since they become relatively darker than the planet only when 
at a considerable distance within the limb, it is plain that a constant period of rotation 
of the satellite on its axis will not account for its always becoming white when near 
its egress, so as to present precisely the same aspect that it has just after its ingress, 
whether the chord described over the disc of Jupiter be large or small. This alone is 
a sufficient objection to the proposed explanation; it is, moreover, inconsistent with 
the change of aspect which the satellites must present to the Earth when in conjunc- 
tion with the primary, in consequence of the revolution of Jupiter about the Sun. 

There is no way, in fact, of accounting for the phenomenon in question, except by 
supposing that the central regions of Jupiter are so much brighter than the parts 
towards the circumference, that an object, of an intensity intermediate between the two, 
is made, by the mere effect of contrast, to appear white when projected upon the lat- 
ter, and dark when projected upon the former. This implies a disproportion greater 
than 1 : 6 between the whiteness of the satellite and of the bright belts of Jupiter, as 
I have found by experiments similar to those related above. 

This defect of brightness near the limb, as has been before remarked, authorizes 
the application to this planet of Lambert's principle of opaque reflection, and 
scarcely leaves us at liberty to assume that a much larger proportion of the whole 
light reflected is directed towards the Earth than that principle allows. Perhaps, 
however, by admitting a tendency in this direction, and remembering that a re- 
flective capacity equal to that of the whitest substances known to us probably belongs 
to the sunward side of the clouds in our atmosphere, and not less so to the cloud- 
mantle in which Jupiter is enveloped, we may have a more acceptable explanation of 
its remarkable brilliancy than to suppose it to be in any degree self-luminous. If 
Venus, like Jupiter, be surrounded by a dense envelope of clouds, — a supposition 
otherwise quite in keeping with its physical aspect, — the difficulty of accounting for 
its high albedo would be considerably lessened. Its excess of light when in the 
half of its orbit nearest the Earth would then be merely an example of the phe- 
nomenon presented by the dazzling whiteness of clouds in our atmosphere when seen 
near the Sun. 



Erratum. — On p. 225, for S= 477530, read S= 470980. 



